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ABSTRACT
MICELLAR NANOCATALYSIS FOR EFFICIENT REACTIONS
Uyen T. Duong
August 04, 2021
Water is considered a green, sustainable, and inexpensive solvent for organic
synthesis. However, performing organic reactions in water is especially challenging due to
the inherent insolubility of substrates and catalysts. Inspired from Nature, where chemistry
happens in water, micellar catalysis has recently gained much attention, especially for
applications in pharmaceutical industry. Aqueous micelles are generally formed by
amphiphile`s self-aggregation, a particular class of molecules possessing both hydrophobic
and hydrophilic components. The aqueous micelle contains a hydrophobic cavity, which
allows the lipophilic substrates and catalyst to go inside micelles, allowing their much
higher localized concentration that enhances the reaction rates and improves the purity
profile.
In this direction, our group has developed a proline-based amphiphile PS-750-M that
mimics dipolar-aprotic solvents, such as DMF, DMAc, and NMP. Under the environment
of micelles of PS-750-M, various valued organic transformations were effectively achieved
in aqueous conditions, especially the transformations involving unstable reaction
intermediates.
Carbene is an important reaction intermediate in many organic transformations.
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However, it is highly water-sensitive, and reactions involving this intermediate usually
require anhydrous and toxic organic solvents. With our approach, the nanomicelles derived
from PS-750-M shield the in-situ generated carbene further preventing its dimerization and
enable the desired coupling reactions. The sustainability of the reaction system is
demonstrated by the recyclability of both the nanoparticle catalyst and the micellar reaction
medium at variable reaction scales.
Likewise, to explore the reactivity of persistent radicals under micellar conditions, a
heterogeneous Cu-based catalyst has been developed and employed for the oxidation of
benzylic alcohols to aldehydes in water under mild conditions. A broad substrate scope,
excellent selectivity, and no over-oxidation reveal the catalyst robustness. In addition, the
catalyst is entirely recyclable and reuse without significant loss in activity after three
cycles.
Additionally, trimetallic nanoparticles are developed to enable selective SuzukiMiyaura (SM) couplings of aryl boronate esters and aryl halides containing terminal
olefins. Generally, these substrates participate in the Heck coupling reaction to generate
unwanted polymeric and other byproducts. However, no byproducts were observed under
our micellar conditions. This technology provides a mild and valuable access to diverse
functionalized styrene-type molecules.
Finally, although hydroboration of terminal alkynes in aqueous conditions are well
documented, the hydroboration of unsymmetrical internal alkynes is still underexplored
due to poor selectivity. Using simple Cu(OAc)2 with ppm level of Pd(OAc)2 ligated with
PCy3, a mild and highly regioselective of 𝛽-hydroboration of unsymmetric internal alkynes
has been developed using the aqueous micellar conditions.
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ADVANCES IN MICELLAR CATALYSIS
1.1. Chemistry in Water and “Green Chemistry”
Solvents have received much attention under the concern of “Green Chemistry”. This
is due to large quantities of organic solvents are being used to conduct chemical reactions
to proceed. Besides, product extraction, and purification also consume solvents. These
actions cause about 20 million metric tons of solvents waste produced each year from
synthetic chemistry worldwide.1 In attempts to eliminate undesirable organic waste, many
efforts have been devoted over the past two decades in search of environmentally benign
alternatives.2
As a ubiquitous solvent on this planet, water is inexpensive, non-toxic, nonflammable, and sustainable. The use of water as a solvent could meet standard of the 12
Principles of Green Chemistry.3 First, it can reduce hazardous waste (Principles 1) by
replacing organic solvents with water. Due to low factor value of reactions in water,4 it
reduces solvent waste generated from chemical transformations. Second, it can reduce
negative impacts on human health and environmental because of its benign and safe nature
(Principles 4, 5). Third but not least, the low cost, relative abundance, and inherent physical
properties of water make it as an ideal solvent in terms of sustainability (Principles 7, 12).
The first use of water as a solvent in organic reaction could be dated back to the Wöhler
synthesis of urea from ammonium cyanate.5 Since then, more valuable reactions could be
carried out efficiently in water, such as Diels-Alder Cycloaddition,6–8 1,3-dipolar
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cycloadditions,9,10 Claisen rearrangement,11,12 nucleophilic substitution,13,14 and others.15,16
A significant increase in rate and better reactivity were observed in reactions in water
compared to those in organic solvents. Rideout and Breslow studied the Diels-Alder
reaction of cyclopentadiene with butanone in water.6 The authors found that the reaction
was accelerated more than 700-fold in water versus in isooctane. The effect of different
additives was also examined. Among all the additives, lithium chloride and β-cyclodextrin
accelerated the reaction rate by a factor of two (Scheme 1.1). Another example was
rearrangement of aromatic substrates reported by Sharpless and co-workers.12 The
rearranged product was obtained in 100% conversion in an “on water” reaction, whereas
only 16%, 21%, 27%, and 56% of the product were observed in toluene, DMF, CH3CN,
and CH3OH, respectively (Scheme 1.2).

O

O
20 °C

solvent
isooctane
MeOH
H2 O
H2 O
H2 O
H2 O

LiCl (4.86 M)
C(NH2)3+Clβ-cyclodextrin (10 mM)

k2 × 105 (M-1s-1)
5.94 ± 0.3
75.5
4400 ± 70
10800
4300
10900

H2 O

𝛼-cyclodextrin (10 mM)

2610

additive

Scheme 1.1. Diels-Alder reaction in water reported by Rideout and Breslow.

2

O

OH
23 °C
120 h

Cl

Cl

solvent
toluene
DMF
CH3CN
MeOH
neat
H2 O

yield (%)
16
21
27
56
73
100

Scheme 1.2. Rearrangement in different solvents reported by Sharpless.
Recently, Capriati and co-workers reported that Grignard and organolithium reagents
could smoothly undergo nucleophilic additions in water, at room temperature and under
air.17 In general, strictly anhydrous conditions are needed for such type of transformations
due to the highly reactive nature of Grignard and organolithium reagents with water. By
carefully controlled the quantity of water and under optimized conditions, the addition of
organometallic reagents to 𝛾-chloroketones generates 2,2-disubstituted tetrahydrofuran
derivatives in moderate-to-good yields. Switching the solvent from water to methanol
results in the formation of traces of product. In addition, kinetic isotope effect (KIE) was
observed for reactions in D2O (the reaction rate was slow, and the overall yield of the
product was decreased), suggesting that the intermolecular hydrogen bonding by solvent
may play an important role in promoting the nucleophilic addition (Scheme 1.3).

3

O
Cl

R1
0.5 mmol

1. R2M (3.0-6.0 equiv.)
H2O (1 mL), air, RT, 10 min
2. 10% aq. NaOH (10 mL)
2-3 h

O

R1
R2

55-85%

R1 = Ph; 4-MeOC6H4; 4-FC6H4; Me
R2 = i-Pr; Et; 4-MeOC6H4; 4-ClC6H4; n-Bu; allyl; Me; 4-FC6H4; Ph
M = MgCl; MgBr; Li

Scheme 1.3. Grignard and organolithium reactions on water.
Water is known as a suitable solvent for selected transformation in organic chemistry,
and in many cases, it has outperformed traditional organic solvents due to its unique
properties. Unfortunately, water is still not commonly used as a solvent for organic
synthesis due to solubility issues. In general, solubility is considered as a requirement for
reactivity. However, most organic substrates, reagents, and catalysts are insoluble in water,
and thus, cannot participate in a reaction.18 To solve this problem, micellar catalysis has
been developed as a new approach that serves two purposes: (i) water can be used as
reaction media, (ii) the lipophilic inner core of a micelle could act as the organic solvent to
solubilize the substrates and catalyst for reaction to take place.
1.2. Advances of micellar catalysis in organic synthesis
Inspired from Nature, micellar catalysis is developed as a promising possibility to
conduct organic chemistry in water. By applying the idea of the self-assembling of
amphiphilic molecules (known as surfactant), many valuable transformations could take
place smoothly in water with the same or better efficiency and selectivity. The amphiphile
is an organic molecule possessing both hydrophobic and hydrophilic portions. When the
surfactant concentration increases above the critical micelle concentration (CMC) in
aqueous solution, it self-aggregate to form nano-sized micelles with the hydrophobic
interior and hydrophilic exterior. These kinds of dynamic micelles act as the reaction
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medium, making substrates and catalyst soluble, and allowing for the chemical reactions
to take place within their hydrophobic core. Due to a high concentration of substrates in
the micellar interior, reactions often occur under mild conditions (low temperature) and
exhibit faster rates compared to those performed in traditional organic solvents.19
The self-assembly of surfactants is driven by weak non-covalent forces, also called the
hydrophobic effect. When an amphiphile molecule is dissolved in water, it disrupts the Hbonding network in water. As the number of amphiphile molecules increases in aqueous
solution, nonpolar portions of the amphiphile molecule tend to aggregate spontaneously
and release free water molecules.

hydrophilic portions
hydrophobic portions
water molecule

Figure 1.1. Amphiphiles self-assembly and aggregates formation of micelles.
The shape and size of micelles significantly depend on several factors, such as: (i) the
chemical structure of the surfactant; (ii) the geometry of the molecule; (iii) the proportion
between hydrophilic and hydrophobic parts; and (iv) the experimental conditions, such as
temperature, pH, and ionic strength. The particle size of micelles plays a very important
role in enabling chemical transformations. Too small (<50 nm) or too large (>500 nm) sized
are ineffective for desired chemical reactions.20 In general, the particle size of micelles
expands upon the addition of miscible reactants and catalyst. Since the micelles are
dynamic, reactants usually exchange between different micelles. If the particle size of
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micelles is too larger, it slows down the exchange process, thus decreases the reaction rate.
Whereas, if it is too small, the reactants might be difficult to get inside of micelles and
allow the reactions to occur.
Reaction temperature also affects the outcome of this technology. At higher
temperatures (>80 °C), the exchange process of reactants between different micelles
happens fast, which means the reactants will stay less time in the micelles to interact with
the catalyst. In addition, de-micellization might occur at the reaction temperature close to
the boiling point of water. Under such conditions, the reactions can be considered as “on
water” reactions, causing the formation of more impurities and byproducts. Therefore, the
idea for reaction temperature under micellar condition is room temperature to ca. 60 °C. 21
Surfactant solution can be prepared by dissolving ca. 2 – 3 wt % amphiphile in distilled
water. This makes the concentration of surfactant solution above the CMC, which is a
requirement for the formation of micelles. More than 3 wt % surfactant concentration is
unnecessary since it might decrease the effective concentration of reactants in the micellar
cores, thus slowing the exchange process and reaction rates. 22–24
Surfactants were used in aqueous reactions via the formation of micelles in late
1970,25,26 however, it had not yet developed until Kobayashi and co-workers reported
dehydration reactions under micellar conditions in 2002.27 Dehydration is one of the
challenging reactions to be performed in water. Typically, during dehydration, water needs
to be removed to drive the equilibrium forward. Reaction between carboxylic acids and
alcohols smoothly afforded esterification products in water with the aid of dodecylbenzene
sulfonic acid (DBSA) surfactant (Scheme 1.4). Authors have also shown a broad
application of this methodology to various reactions, including etherification,
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thioetherification, and dithioacetalization. The explanation for the success of this
technology is: water generated during the reaction would be expelled from the hydrophobic
interior, thus driving the equilibrium forward. Since then, micellar catalysis has witnessed
a growing interest, with several surfactants developed over the last decade (Scheme 1.5).
Under micellar conditions, not only the reaction yield is improved, but also the selectivity
is better in terms of both regio- and enantio-selectivity.28,29 Based on different types of
surfactants, a comparison between reactions performance in water or organic solvents
versus under aqueous micelles are summarized below. The aim is to demonstrate the
efficiency of the technology: micellar catalysis for organic reactions.
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H 2O

H 2O
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SO3H

R1OH
H 2O

H 2O
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H 2O

H 2O
H 2O
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H 2O

X = O, S, COO

Scheme 1.4. Dehydration reaction under micellar conditions.
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Scheme 1.5. Commercially available representative surfactants.

Triton X-100
Triton X-100 is a nonionic surfactant that has a hydrophilic polyethylene oxide chain
and an aromatic hydrocarbon lipophilic group. Triton X-100 was applied in the one-step
synthesis of 1,4-dihydropyridine derivatives directly from three components through the
Hantzsch reaction.28 More than twenty combinations of ammonium acetate with aromatic
or aliphatic aldehydes and 1,3-bicarbonyl compounds were investigated. In all cases, above
80% of corresponding 1,4-dihydropyridine products were obtained within a few hours
under 10 mol % of Triton X-100. Remarkably, no reactivity was observed when the
reaction was conducted in water or ethanol. This protocol provides a useful access to
biologically active functionalized 1,4-dihydropyridine compounds (Scheme 1.6).
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NO2
O
O

H

Triton X-100 (10 mol %)

CH3COONH4
O

O

EtO2C

H2O, rt

N
H

NO2

in H2O

n.r (24 h)

in EtOH

n.r (24 h)

in Triton X-100

CO2Et

96% (2.5 h)

Scheme 1.6. Synthesis of medicinally important dihydropyridines in aqueous micellar
media.
Thioesters are vital intermediates in synthesizing various biologically active and
medicinal agents.30 In 2013, the synthesis of thioesters via one-pot three-components
reaction of aryl halides, thiourea, and benzoyl chlorides in aq. 2 wt % Triton X-100 was
developed by the Cai’s group. This procedure is environmentally friendly and suitable for
large-scale since it is free of organic solvents and foul-smelling thiols (Scheme 1.7).31

O
Cl

O
S

Cl
H 2N

K2CO3, 30 °C

in H2O
in Triton X-100

S

2 wt % aq.Triton X-100

NH2

63% (8 h, 60 °C)
96% (2.5 h, 30 °C)

Scheme 1.7. One-pot synthesis of thioesters in 2 wt % aq. Triton X-100.

Tween
Polysorbate (or Tween) is a nonionic surfactant made of fatty acid ester of
polyoxyethylene sorbitan. It is widely used to protect biological drug products from protein
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unfolding, aggregation, and precipitation during both shipping and handling.32 In organic
synthesis, Tween-40 was used in the synthesis of quinoxalines from 1,2-diamines and 1,2dicarbonyl compounds. Aromatic 1,2-diamino compounds containing both electron-rich
and electron-deficient groups were well tolerated. The surfactant could be recycled and
reused for five consecutive reactions. Also, no reactivity was observed in neat water,
confirming role of surfactant (Scheme 1.8).33

O2N

NH2

O

NH2

O

N

Tween-40 (20 mol %)
H2O, rt

in H2O

O2N

N

n.r (5 h)

in Tween-40

88% (5 h)

Scheme 1.8. Synthesis of quinoxalines in 20 mol % aq. Tween-40.

Brij
Brij is a nonionic surfactant containing a hydrophilic chain of oxyethylene groups and
a hydrophobic hydrocarbon chain. Brij-35 was employed in the synthesis of unprotected
aziridines from NH3 and olefins in 2008.34 Aziridines are three-membered cyclic amines.
They play an important role as intermediates in the synthesis of many biological
compounds.35 Several methods have been reported for aziridination, but most of the
protocols required the use of complex nitrogen-containing sources and harsh
conditions.36,37 Vos et al. demonstrated a simple and green methodology for synthesis of
unprotected aziridines from corresponding styrene by using ammonia as the nitrogen
source, and iodide as a catalyst under mild micellar conditions.34 In 2 wt % aq. Brij-35, the
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desired product was formed in 67% conversion. With the use of an excess I2 (2.0 equiv.)
reaction yield was improved to 88%. The same reaction was performed in 1,4-dioxane,
afforded only 6% product. Traces of product was formed in the absence of a surfactant
(Scheme 1.9).
H
N
I2
NH3

NaOCl

NaCl

2 wt % aq. Brij-35
rt

in 1,4-dioxane

H 2O

6% (2 h)

in H2O

traces (2 h)

in Brij-35

67% (2 h)

Scheme 1.9. A micellar iodide-catalyzed synthesis of unprotected aziridines from
styrene and ammonia.
The synthesis of phenols from the corresponding boronic acid through coppercatalysis in water was proven better due the presence of surfactant. 4-Methoxyphenol was
obtained in 95% isolated yield within 6 h. Using simple CuCl2 without a strong base and
ligand, this procedure provides functionalized phenols under efficient and mild reaction
condition (Scheme 1.10).38

B(OH)2

CuCl2 (5 mol %)
O2 (1 atm)
Brij-100 (10 mol %)
H2O, rt

MeO

in H2O

n.r (24 h)

in Brij-100

95% (6 h)

OH
MeO

Scheme 1.10. Oxidative hydroxylation of arylboronic acid under micellar conditions.
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Another interesting example of C-H arylation of amides with aryl iodides to provide
biaryl derivatives under micellar conditions was developed by Lipshutz’s group. At rt, the
coupling reaction was effectively performed in the presence of Pd(OAc)2, yielding the
desired products bearing a variety of functional groups in the moderate-to-excellent yields
(Scheme 1.11).39

OMe

H

H
N

I

O
NMe2

Pd(OAc)2 (10 mol %)
AgOAc (2.0 equiv.)
aq. HBF4 (5.0 equiv.)
2 wt % Brij-35, rt

MeO

OMe

NH

MeO
O

in H2O

35% (20 h)

in Brij-35

76% (20 h)

NMe2

Scheme 1.11. C-H activation at room temperature under 2 wt % aq. Brij-35.

SDS
In contrast to nonionic surfactants, such as Triton X-100, Tween, and Brij, SDS
(sodium dodecyl sulfate) is the ionic surfactant. It is also widely used in organic synthesis.
The reaction between amines, aldehydes, and diethyl phosphite affords αaminophosphonates in excellent yields. Optimized conditions displayed that SDS is the
best surfactant for such transformation compared to other surfactants, such as CTAB and
Triton X-100. No desired product was formed in neat water. Aliphatic aldehydes and
amines were smoothly converted to the corresponding products in good-to-excellent
reaction yields (Scheme 1.12).40
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O
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(OEt)2

O2N

50 °C
OCH3

in H2O

n.r (5 h)

in SDS

86% (1 h)

Scheme 1.12. One-pot synthesis of diethyl α-amino phosphonates in SDS micellar
condition.
Kumar and co-workers reported an interesting example of one-pot synthesis of 3amino alkylated indoles via a three-component Mannich-type reaction from secondary
amines, aldehydes, and indoles. While in the presence of Brønsted and Lewis acids led to
the formation of the bis-indole derivatives, the desired 3-amino alkylated indole products
were obtained under SDS surfactant without the formation of bis-indole byproduct. A broad
substrate was examined. In all cases, moderate-to-good reaction yields were observed in 214 h at 80 °C (Scheme 1.13).41
O
N
H

H

N

SDS (15 mol %)
H2O, 80 °C

N
H

N
H
in H2O

n.r (24 h)

in SDS

80% (2 h)

X
NH

N
H

Scheme 1.13. Three-component Mannich-type direct synthesis of 3-amino alkylated
indoles under SDS micellar conditions.
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SDS also promoted the direct fluorination of ketones using Selecfluor F-TEDA
tetrafluoroborate as the reagent. Cationic and neutral surfactants, or even reactions
performance under neat water conditions were unsatisfactory (Scheme 1.14).42
O

O
F-TEDA-BF4
F

SDS, H2O, 80 °C

in H2O

58% (12 h)

in SDS

100% (12 h)

Scheme 1.14. Direct fluorination of ketones in water.
An enantioselective three-component synthesis of aldehydes, amines, and alkynes
using a Cu catalyst was successfully achieved in the SDS surfactant (Scheme 1.15).29 The
corresponding propargylamines were obtained with excellent yields (up to 99%) and high
enantioselectivities for a broad range of aldehydes and alkynes (up to 98% ee). While in
neat water condition, only 1% of desired product was formed within 84 h (ee = 45%).
OMe
HN
O

[Cu] (10 mol %)
ligand (10 mol %)

OMe
H

SDS (20 mol %), H2O
rt

H 2N

(R)

O
N

O
N

N
N

Cu
(I)

N

in H2O

1% (84 h, ee: 45%)

in SDS

99% (18 h, ee: 98%)

Scheme 1.15. Stereoselective three-component reaction of aldehydes, amines, and
alkynes under micellar conditions.
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Designer surfactant: PTS-600, TPGS-750, and Nok
Undoubtedly, surfactants have significant contributions in many areas of organic
chemistry. However, the studies on their usage in transition metal-catalyzed are still
underexplored. In 2008, Lipshutz’s group introduced PTS as a useful nonionic surfactant.43
PTS is an unsymmetrical diester containing three components: a dicarboxylic acid, a
lipophilic portion in vitamin E (or α-Tocopherol), and a hydrophilic based on PEG-600.
This surfactant was exploited for the first time in olefin-cross metathesis reaction and has
expanded to varieties transformations include but not limited to ring-closing-metathesis
and transition metal cross-couplings (i.e., Heck,44 Suzuki-Miyaura,45 Sonogashira,46
Buclwald-Hartwig,47 Negishi,48 and C-H activation,49 Rh-catalyzed asymmetric 1,4additions50).
Olefin-cross metathesis between allylbenzene and tert-butyl acrylate allowed the
formation of adduct in 97% yield under 2.5 % aq. PTS (Scheme 1.16).43 The key features
of this catalytic system are: (i) the mild condition reaction (room temperature); (ii) the E/Z
ratios comparable to those performed in organic media; (iii) various functional groups are
tolerated, including allylic silanes, free alcohols, amino acid derivatives, and epoxides; (iv)
no special techniques or handing procedures are needed (reaction worked well under the
air).
After olefin-cross metathesis, Lipshutz’s group continued to investigate the efficiency
of PTS surfactant on Heck,44 Suzuki-Miyuara,45 and Sonogashira46 cross-couplings
reactions. In all cases, coupling products were afforded in good-to-excellent yields at room
temperature (Scheme 1.17). No solvents are required to obtain desired products. PTS
nanomicelles showed excellent properties in the catalysis of the coupling reactions,
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demonstrating better reactivity compared to typical reactions conducted in organic solvents
or neat water. For example, coupling of aryl iodides and acrylate esters led to the formation
of a Heck coupling product in 91% conversion under 15 wt % aq. PTS surfactant, whereas
only 9% of product was observed in DMF (Eq.1, Scheme 1.17). Neat water conditions
result in lower conversion of Suzuki-Miyuara product (75%) with respect to the use of 2
wt % aq. PTS as the surfactant (96%) (Eq.2, Scheme 1.17).

O
O

2 % Grubbs-2
2.5 % PTS, H2O
12 h, rt

in H2O

71% (12 h)

in PTS

97% (12 h)

Scheme 1.16. Olefin cross-metathesis reaction under 2.5 % aq. PTS.
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MeO
Suzuki-Miyaura
coupling product

Br

in H2O

75% (6 h)

in PTS

96% (6 h)

(dtbpf)PdCl2 (2 mol %), Cs2CO3

(Eq.3)

3 wt % aq. PTS, rt
Sonogashira coupling
product
in H2O

34% (5 h)

in PTS

100% (5 h)

Scheme 1.17. Heck, Suzuki-Miyaura, and Sonogashira couplings under aq. PTS
surfactant.
Remarkably, Lipshutz’s group disclosed a new technology that enabled Negishi
couplings in water at room temperature.48 Typically, the organozinc halides are highly
moisture-sensitive, therefore, the C–C bond formation through Negishi is requires inert and
anhydrous conditions in organic solvents.51,52 However, in this case, the alkyl halides serve
as precursors in the presence of zinc dust or powder to generate organozinc halides in-situ,
which subsequently participate in reductive couplings in water (Scheme 1.18). Shielding
effect of micelles by surrounding hydrophobic pocket prevents the interaction of
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organozinc halides species with water, which is then exposed to both the catalyst and aryl
bromide within nanomicelles, thus promoting the cross-coupling reaction to occurs. The
catalyst PdCl2(Amphos)2 and additive N,N,N′,N′-tetramethylethylenediamine (TMEDA)
were also essential for these successful cross-couplings. No desired product was formed in
THF. Only 30% of coupling product was observed in neat water condition, while in PTS
surfactant, the yield was 92%.

Br
n-C7H15I

Zn/TEMDA
[Pd] (2 mol %)

n-C7H15

2% PTS/H2O, rt
OMe

OMe

in THF

0% (12 h)

in H2O

30% (12 h)

in PTS

92% (12 h)

Scheme 1.18. Negishi-like cross-couplings in water.
Modifications to PTS-600 were made later by the same research group, leading to the
development of the next generation surfactant TPGS-750-M.53 A 4-carbon succinic acid
was used as the linker instead of the 10-carbon linker in PTS. Also, monomethylated
polyethylene glycol (mPEG) was employed as hydrophilic portion in TPGS. This
surfactant was found to outperform PTS-600 in terms of product yield, which is proposed
due to the increased particle size of the micelle (PTS-600 = 24 nm; TPGS-750-M = 53 nm).
Large particle size will be more likely to facilitate more molecules of substrates and
catalysts inside the micelle cores, leading to higher concentration and a faster reaction. A
side-by-side comparison between PTS vs. TPGS-750-M in various transition metal-
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catalyzed reactions is described in Scheme 1.19.53 In all reactions, product yields were
higher in TPGS-750-M than in PTS.

Cross-metathesis

Heck
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OTBS
CN
O

OMe

PTS: 88%
TPGS: 91%

PTS: 92%
TPGS: 95%
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Amination

H
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TPGS: 99%

PTS: 81%
TPGS: 93%

PTS: 78%
TPGS: 93%

Negishi-like

n-C7H15

PTS: 83%, E/Z = 77/23
TPGS: 90%, E/Z = 88/12

Scheme 1.19. Side-by-side comparisons between PTS vs. TPGS-750-M in various
transition metal-catalyzed reactions.
Through applying TPGS-750-M, several important transformations were successfully
carried out at a large scale. For examples, two representative SNAr reactions were scaled
up to ~ 10 g under aqueous conditions.54 The corresponding desired products were obtained
in >90% isolated yields (Eq.1, Eq.2, Scheme 1.20). Likewise, a one-pot, three-step
synthesis of boscalid, an active ingredient found in several fungicides, was reported in 83%
overall yield (Eq.3, Scheme 1.20).55 Each of the three steps can be carried out under 2 wt
% TPGS-750-M. Notably, the key Suzuki-Miyaura coupling requires only 700 ppm (0.07
mol %) Pd(OAc)2.
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Recently, Gallou and co-workers scaled up amidation reaction between aniline and
benzoyl chloride on ~ 40 g scale.56 Under optimized conditions, after reaction completion
(about 30 min), the product was collected by filtration and further dried to give desired
product in 98.2% isolated yield (Eq.4, Scheme 1.20). In addition, the filtrate can be
recycled for four times without the loss of activity. From these results, the TPGS-750-M
aqueous solution proved as a practical and sustainable technology alternative to traditional
organic solvents.
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Scheme 1.20. Several important transformations on large scales in aqueous TPGS750-M.
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To further reduce the cost of a surfactant (since the synthesis of the first twogenerations designer surfactants relies on the high cost of vitamin E), the third-generation
surfactant Nok was developed based on an inexpensive and benign β-sitosterol (exits in
about 70% in plants).57 Nok is composed of three parts: lipophilic part (β-sitosterol ), the
linker (succinic acid), and mPEG as the hydrophilic part. Nok and TPGS-750-M have
similar size, but they have different micellar shape. While TPGS-750-M has a spherical
shape, Nok forms a rod or worm-like shape. Serious of tested reactions between Nok and
TPGS-750-M were conducted to compare the efficiency of each surfactant. Reactions in
Nok gave comparable results to those seen using TPGS-750-M in all examples (Scheme
1.21), indicating that Nok can substitute the second-generation TPGS-750-M in most types
of reactions and further reduce the cost of this micellar catalysis.
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Suzuki-Miyaura

Heck

Cl
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CF3

MeO
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TPGS: 72%
Nok: 74%
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H
N
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MeO
TPGS: 97%
Nok: 90%

EtO2C
TPGS: 95%
Nok: 91%

TPGS: 85%
Nok: 86%

Scheme 1.21. Side-by-side comparisons between TPGS-750-M vs. Nok in various
transition metal-catalyzed reactions.
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Designer surfactant: PS-750-M
To further improve reaction performances in water, novel surfactants need to be
thoroughly studied. Looking at the structures of all commercially available surfactants,
they may not fully mimic the dipolar-aprotic solvents, such as DMF, DMAc, and NMP.
These solvents are among the most common solvents for chemical synthesis, both at the
laboratory and industry scales. They are also on the list of undesirable solvents according
to the Pfizer solvent selection guide for medicinal chemistry.2 Understanding the
importance of DMF, DMAc, and NMP solvents, our group developed PS-750-M surfactant,
which by design mimics the structure of those solvents as they share the same feature–a
presence of a tert-amide group (Scheme 1.22). The PS-750-M surfactant is created from
benign and inexpensive materials. It consists of three key structural components: a
lipophilic portion (derived from lauroyl chloride/lauric acid), a linker (derived from Lproline), and a hydrophilic tail (derived from mPEG).58 Cryo-TEM (cryo-transmission
electron microscope) analysis of PS-750-M revealed the formation of spherical shaped
nanomicelles with sizes of 50-150 nm (Figure 1.2), which are ideal for the reaction to take
place.59

PS-750-M, proline-based amphiphile

O
N

Me
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Me
O

N

16
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O
H

N

Me

O

DMAc

toxic organic solvent
lauroyl chloride

L-proline

mPEG

Scheme 1.22. Design of PS-750-M surfactant.
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N
NMP

Figure 1.2. Cryo-TEM of PS-750-M. As such taken from a report published by Smith
et al.59
Using PS-750-M surfactant, our group has demonstrated the palladium-catalyzed sp2sp3 coupling of nitroalkanes and aryl bromides under mild conditions (Scheme 1.23).60
Typically, anhydrous conditions in organic solvents at elevated temperatures are required
for this transformation. However, under 3 wt % aq. PS-750-M, coupling product was
observed in 84% conversion, while in neat water conditions, only 13% of product was
formed. Notably, reaction efficiency in PS-750-M surfactant was superior to TPGS-750-M
and PTS since significant decrease in yields were obtained in TGPS-750-M and PTS (28%
and 22%, respectively).
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K3PO4 (1.2 equiv.)
3 wt % aq. PS-750-M
45 °C, 35 h
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in TPGS-750-M
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in PTS
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F3C

NO2
CF3

Scheme 1.23. Arylation of nitroalkanes in PS-750-M.
Unactivated quinoline and isoquinoline heterocycles are important precursors for the
pharmaceutical industry due to their unique properties, such as anticancer, antiviral, and
anti-inflammatory activities.61 Although the Suzuki-Miyaura and Buchwald-Hartwig
reactions are among the most powerful and widely used methods to construct C–C or C–N
bonds, heterocyclic quinoline and isoquinoline compounds are not easily coupled in these
important reactions. In addition, the use of toxic organic solvents, high catalyst loading,
and harsh reaction conditions may be required for such transformations. Using aqueous
nanomicelles of PS-750-M, cross-coupling of 2- and 4-bromo (iso)quinoline with (hetero)
aryl boron reagents were effectively converted to desired product under mild conditions
(Scheme 1.24). Using 3 mol % of π-allyl Pd catalyst, 88% of coupling product was formed
in PS-750-M, while in H2O and TPGS-750-M were 19% and 75%, respectively. Both the
catalyst and reaction medium can be recycled up to four times without the loss in activity.
A broad substrate scope with various functional group tolerance demonstrated a general
and efficient of this methodology for cross-coupling of (iso)quinoline system.58
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3 wt % aq. PS-750-M
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in H2O
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Scheme 1.24. Cross-coupling of unactivated (iso)quinoline in PS-750-M.
Reaction intermediates, such as carbenes and carbanions are highly reactive and
unstable in water. Hence, reactions involving the formation of these intermediates usually
require dry organic solvents and inert conditions. Surprisingly, a cross-coupling reaction
through carbene migratory insertion62 and α-arylation of nitriles63 were successfully
performed in water using 3 wt % aq. PS-750-M (Scheme 1.25). In both cases, the micellar
environment protects the carbene and carbanion species within its hydrophobic pocket for
desired catalytic activity and reaction pathway. The in-situ formation of carbanion-type
species was confirmed by trapping such species with either an aldehyde or ally bromide.
Broad substrate scope and excellent functional groups tolerance were observed, resulting
in the formation of corresponding products in good-to-excellent yields.
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Scheme 1.25. Cross-coupling of carbene migratory insertion and α-arylation of
nitriles in PS-750-M.
The ligated Pd(0) NPs (nanoparticles) displayed excellent stability and catalytic
activity (as seen in Scheme 1.25) due to the presence of stabilizing phosphine ligands.62,63
Without σ-donor ligands, the Pd NPs are unstable in aqueous environments, resulting in
poor-to-no catalytic activity. However, the use of phosphine ligands faces some challenges,
such as cost, stability, and environmental impact. Therefore, the development of a catalytic
system with ligand-free in aqueous condition is more attractive.
Our group has recently reported phosphine ligand-free ultrasmall Pd(II) NPs for
oxidative Mizoroki-Heck type couplings under micelles PS-750-M in water.64 Authors
found that the dispersion of Pd(OAc)2 in 3 wt % aq. PS-750-M with stirring at 800 rpm
results in the formation of 50-60 nm sized aggregates of Pd(II) NPs, which upon stirring at
1500 rpm generates ultrasmall X-Pd-X-Pd (X = OH, OAc) NPs of an average size 2 nm.
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The resulting Pd(II) NPs were examined on oxidative Heck-type couplings reaction.
Notably, reaction between arylboronic acid and styrene derivatives were effectively
converted to coupling product in excellent reaction yields (Scheme 1.26). Reaction in neat
water or toluene was not suitable for this catalytic system as reaction conversions were
decreased in both cases (46% and 15%, respectively). The use of TPGS-750-M was also
not effective compared to PS-750-M, only 40% conversion to the desired product was
observed. The PS-750-M plays a critical role in the formation of NPs as it protects these
Pd(II) NPs from water within the hydrophobic core. These Pd(II) NPs were found to be
stable in aqueous PS-750-M for at least 50 days.
B(OH)2

Pd(II) NPs (3 mol %)
BQ (2.0 equiv.)

F3C

3 wt % aq. PS-750-M
rt, 1500 rpm

in H2O

46% (12 h)

in toluene

15% (12 h)

in TPGS-750-M

40% (24 h)

in PS-750-M

99% (24 h)

F3C

Scheme 1.26. Phosphine ligand-free Pd(II) NPs for oxidative Heck-type couplings in
PS-750-M.
The efficiency of PS-750-M surfactant was also proved on selective sulfonylation of
polyfluoroarenes,59 Buchwald-Hartwig aminations,65 fast amide couplings,66 and other
reactions.67,68,69,70 Summary of organic synthesis using PS-750-M as reaction medium are
listed in Scheme 1.27.
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Scheme 1.27. Organic synthesis under aqueous PS-750-M.
1.3. Conclusions
In the last few decades, micellar catalysis has proven suitable for almost all classes of
chemical transformations, ranging from cross-couplings reactions to oxidations or
reductions, even some of those reactions usually require strictly anhydrous conditions. The
benefits of micellar catalysis are: (i) avoidance of organic solvent as the reaction medium;
(ii) mild conditions; (iii) ability to recycle the catalyst, water, and surfactant; (iv) and low
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catalyst loadings up to ppm levels. These features encourage chemists to further develop
greener and sustainable chemical processes and advance micellar catalysis.
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REACTIVITY OF CARBENES IN AQUEOUS NANOMICELLES
CONTAINING PALLADIUM NANOPARTICLES
2.1. Background
Metal-carbene complex is an organometallic compound that contains a metal-bound
neutral divalent carbon ligand.71 Carbene is considered as an active intermediate in many
transformations such as reductive coupling,72–74 cyclopropanations,75,76 X–H insertions (X
= C, O, S, N),77,78 ylide formation,79 and many other transformations.80,81 Metal-carbene
can undergo a migratory insertion mechanism where the ligand migrates from the metal to
the unsaturated carbenic carbon and generate a new metal complex. This process provides
valuable routes to novel cross-coupling reactions, such as, carbon-carbon and carbonheteroatom bond-forming reactions.82–84 Generally, the diazo compounds are commonly
used as carbene precursors. However, these compounds are unstable, explosive, and toxic.
Compared to the diazo compounds, N-tosylhydrazones have gained more attention due to
their stability. N-tosylhydrazones are readily available from aldehyde or ketones, which
can in situ generate diazo compounds through a gentle Bamford-Stevens reaction under
basic conditions (Scheme 2.1).85

O

TsNHNH2

N

NHTs

N

base

N Ts
- Ts

N2

-H
Bamford-Stevens reaction

Scheme 2.1. Synthesis of metal carbene from N-tosylhydrazones.
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[M]

M
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R1

R3

Ar X

1 mol % Pd2(dba)3
2 mol % XPhos

Ar

2.2 equiv. t-BuOLi
1,4-dioxane, 70-110 °C

R3

R1

R2
R2
= H, Alkyl or Aryl
52-98% yields
R2, R3 = H, Alkyl; X = Cl, Br
Barluenga, J.; et al. Angew. Chem. Int. Ed. 2007, 46, 5587
R1

Ar

X

NNHTs

Pd(0)

t-BuOLi

step V

step I

R2

H PdIIX

Ar
R3

R1
R2

Ar PdIIX
R3
R1
R2

N2

step II
Ar

step III

Pd

R3

R1

x
R3

R1

t-BuOLi

PdIIX

Ar

step IV

R3

R1

N2

R2

R2

Scheme 2.2. Pd-catalyzed carbene coupling reaction of aryl halides with Ntosylhydrazones.
The palladium (Pd)-catalyzed cross-coupling reaction involving a carbene migratory
insertion process was first reported by Van Vranken and co-workers.86 In this reaction, the
diazo compound TMSCHN2 coupled with benzyl halide using Pd2dba3•XPhos complex as
a catalyst to afford substituted styrene as an adduct. In 2007, Barluenga and co-workers
first utilized N-tosylhydrazones as the carbene precursors for the cross-coupling reaction
with aryl halides to furnish polysubstituted olefins in good-to-excellent yields.87 The
proposed mechanism includes the oxidative addition of aryl halide to Pd(0) catalyst to form
an aryl Pd(II) complex. The reaction of the in situ generated diazo compound via a
Bamford-Steven reaction with aryl Pd(II) complex generates a Pd-carbene intermediate,
followed by migratory insertion of the aryl group to the carbenic carbon bond, results in
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the formation of alkyl-Pd intermediate. A subsequent 𝛽-hydride elimination generates the
olefin product and Pd(II), which undergoes reductive elimination to give Pd(0) and
complete the catalytic cycle (Scheme 2.2).
The cross-coupling reaction of N-tosylhydrazones with coupling partners through
migratory insertion has witnessed tremendous advances. The use of N-tosylhydrazonesbased carbene coupling provides a unique approach to construct: (i) a single C–C bond to
produce poly-substituted olefins;88–90 (ii) a new C=C bond to generate allenes, ketenes, and
ketenimines;91–93 (iii) a C–C bond to provide the corresponding alkylation;94–96 and (iv)
two single C–C bonds on the carbonyl functional group (Scheme 2.3).97 However, due to
the instability of the transition metal-carbene intermediate and its sensitivity to water, most
of the cross-coupling reactions involve the use of toxic and anhydrous solvents, such as
1,4-dioxane, DMF, MeCN, and benzene under harsh condition. Thus, the achievement of
such transformations in aqueous media has remained untouched.

O
R1

R
R3

R1

1. ketones as alkenyl
coupling partners
R2

=

TsNHNH2

X
or

R1

R2

R1

R

3. ketones as alkyl
coupling partners

R3
N

cat. M

R

R2

2. olefination of ketones
and beyond
2 X = O, CR’R’’ or NR’

base
R1
coupling
partners

NHTs
R2

R
R1

R2

4. building two C-C bonds
on carbonyl carbon
R

R’

cat. M
base
coupling
partners

R1

R2

Scheme 2.3. Couplings of N-tosylhydrazones for C–C bond formations.
As discussed in chapter 1, PS-750-M is an amphiphilic molecular that mimics the
problematic dipolar-aprotic solvents like DMF, DMAc, and NMP.98 Under aqueous
conditions, it is spontaneously assembled to form micelles, which serve as nanoreactors for
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reaction to take place. The efficiency of PS-750-M has been demonstrated on various useful
organic transformations in water, which traditionally require

toxic dipolar-aprotic

solvents.99–101 In addition, the reaction intermediates such as carbanions and keteniminate
species have been found to be stabilized in aqueous micelles of PS-750-M,102 leading to
the study of reactivity and stability of carbenes in aqueous media.
2.2. Results and Discussion
General palladium-catalyzed reaction was set up as described in Figure 2.1. Surfactant
solution was prepared by dissolving 3 g of PS-750-M in 100 mL of distilled water, which
was then degassed for 30 minutes at rt. To the 4 mL of reaction vial, reactants, catalyst, and
surfactant solution were added. The reaction was stirred and heated at desired temperature
until complete consumption of starting material. After reaction is completed, the reaction
mixture was cooled to rt. Then, minimum amount EtOAc was added to the reaction
mixture, and the mixture was stirred for a minute at rt. Stirring was stopped, and the organic
layer was allowed to separate from the aqueous layer. The organic layer was removed with
the use of a pipette and were dried over anhydrous sodium sulfate. Volatiles were removed
under reduced pressure to obtain a semi-pure product. With micellar catalysis, we were
able to achieve cross-coupling of aryl halide and N-tosylhydrazones via carbene migratory
insertion

in

water

under

mild

conditions.

(Z)-4-methyl-N'-(1-

phenylethylidene)benzenesulfonohydrazide (1) and 1-iodo-4-methylbenzene (2) were
selected as coupling partners for the optimization of the cross-coupling reaction.103
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Figure 2.1. General palladium-catalyzed reaction set up in micelles of PS-750-M.
The initial reaction conditions include: 1 (0.375 mmol, 1.5 equiv.), 2 (0.25 mmol, 1.0
equiv.), catalyst (5 mol %), ligand (10 mol %), t-BuOLi (0.5 mmol, 2.0 equiv.), and 3 wt
% aq. PS-750-M (1 mL) under argon atmosphere at 60 °C. We first optimized the catalyst
for the cross-coupling reaction. Initially, we used Pd(OAc)2 as a catalyst; without
phosphine ligand, only traces of desired product was observed, indicating the need of
phosphine ligand (entry 1, Table 2.1). A series of different phosphine ligands were then
screened, as listed in Table 2.1. When XPhos ligand was used, the desired product was
obtained in 60% yield (entry 2). Replacement of XPhos with slightly less bulk SPhos ligand
increased the reaction yield to 85% (entry 3). XantPhos, PCy3, t-BuXPhos, JohnPhos were
also investigated (entries 4-7). Among all, PCy3 gave the best result with 80% conversion,
but not better than when SPhos was used. Remarkably, the use of isolated Pd catalysts such
as Pd(PPh3)2Cl2, Pd(PPh3)4, Pd(dppf)Cl2•CH2Cl2 showed improvement in reaction yields
(88%, 86%, 83%, respectively; entries 8-10). In an attempt to enhance the catalyst
efficiency, we prepared a nanoparticles (NPs) catalyst by complexation of K2PdCl4 and
PPh3 in CH2Cl2, followed by reduction of Pd(II) to Pd(0) using NaBH4 (procedure A, page
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55). The reactivity of Pd NPs was tested, and it proved to be the best catalyst to access
functionalized terminal olefins from N-tosylhydrazone with 97% conversion (entry 11,
Table 2.1). No reactivity was observed either with isolated Cu(PPh3)3Cl or Cu NPs (entries
12-13), suggesting the important role of Pd catalyst in this type of transformation. Since
the best result was achieved with Pd NPs, it was selected as a best catalyst for the detailed
study.
The next parameter to be optimized was the base. The use of inorganic bases such as
Na2CO3, K2CO3, K3PO4, and Cs2CO3 afford low conversions (entries 1-4, Table 2.2).
Interestingly, when Et3N was used as base, it inhibits the reaction, which may be due to the
binding of amine on the surface of NP catalyst and occupying the catalytic sites (entry 5).
Excellent reaction yield (98%) was obtained when t-BuOLi used as a base (entry 6).
Replacement of t-BuOLi with t-BuONa or t-BuOK significantly decreased the reaction
yields, confirmed the role of lithium in the catalytic cycle (entries 7-8). From optimization
conditions, t-BuOLi displays the best reactivity for the cross-coupling reaction, however,
it is costly base, which limits the application of this transformation in the pharmaceutical
industry. In search of a cheaper base as an alternative to replacing t-BuOLi, we realized
that t-BuOLi is in equilibrium with t-BuOH and LiOH in an aqueous condition. Because
both t-BuOH and LiOH are cheaper than t-BuOLi, we then checked the reactivity of the
mixture of t-BuOH and LiOH (1:1) as the base. 95% conversion was achieved in this case
(entry 9). Surprisingly, when we used only LiOH as a base (entry 10), a comparable result
with t-BuOLi was observed (99%). Therefore, inexpensive LiOH was chosen as the base
for further studies.
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Table 2.1. Optimization of catalysta
NNHTs
Me

metal salt (5 mol %)
ligand (10 mol %)

I
+

t-BuOLi (2.0 equiv.)
3 wt % PS-750-M in H2O
60 oC, 24 h

Me
1

2

PCy2
i-Pr

i-Pr

PPh2
PCy2
OCH3

H3CO
i-Pr
XPhos

SPhos

Me
3

t-Bu
t-Bu P i-Pr

PPh2

t-Bu

O

i-Pr
t-BuXPhos

PCy3

XantPhos

P t-Bu

i-Pr

P

JohnPhos

entry

catalyst

ligand

% yieldb

1

Pd(OAc)2

-

traces

2

Pd(OAc)2

XPhos

60

3

Pd(OAc)2

SPhos

85(78)c

4

Pd(OAc)2

XantPhos

74

5

Pd(OAc)2

PCy3

80

6

Pd(OAc)2

t

BuXPhos

72

7

Pd(OAc)2

JohnPhos

60

8

Pd(PPh3)2Cl2

-

88

9

Pd(PPh3)4

-

86

10

Pd(dppf)Cl2•CH2Cl2

-

83

11

(Pd NPs)d

-

97

12

Cu(PPh3)3Cl

-

0

13

(Cu NPs)e

-

0

a

Reaction conditions: 1 (0.37 mmol, 1.5 equiv.), 2 (0.25 mmol, 1.0 equiv.), t-BuOLi or
LiOH (2 equiv.), catalyst (5 mol %), ligand (10 mol %), 3 wt % aq. PS-750-M (0.25 M),
60 °C, 24 h. bYields based on GC-MS with mesitylene as an internal standard. cIsolated
yield. dPd NPs (12 mg, 1.5 mol % based on Pd in the material). The synthesis of Pd NP
catalyst was prepared follow the procedure A. eCu NPs was prepared follow the same
procedure A using Cu(OAc)2 instead of K2PdCl4.
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Table 2.2. Optimization of basea
NNHTs
Me

I
+

Me
1

2

Pd NPs (3 mol %)
base (2.0 equiv)
3 wt % PS-750-M in H2O
60 oC, 24 h

Me
3

entry

base

% yieldb

1

Na2CO3

27

2

K2CO3

44

3

K3PO4

25

4

Cs2CO3

12

5

triethylamine

trace

6

t-BuOLi

98 (92)c

7

t-BuOK

34

8

t-BuONa

30

9

LiOH: t-BuOH (1:1)

95

10

LiOH

99 (92)c

a

Reaction conditions: 1 (0.37 mmol, 1.5 equiv.), 2 (0.25 mmol, 1.0 equiv.), Pd NPs (12
mg), base (2.0 equiv.), 3 wt % aq. PS-750-M (0.25 M), 60 °C, 24 h. bYields based on
GCMS with mesitylene as an internal standard. cIsolated yield.

Finally, the different state-of-the-art surfactants were screened (Table 2.3). All
surfactants (SDS, TPGS-750M, TWEEN 20, NOK) were found to be ineffective for this
type of reaction (entries 1-4, Table 2.3). Especially, a trace amount of olefin 3 was obtained
in neat water, possibly due to destabilization of Pd NPs catalyst and instability of the
carbene intermediate (entry 5).
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Table 2.3. Optimization of surfactanta
NNHTs
Me

I
+

surfactant, 60 oC, 24 h

Me
1

Pd NPs (3 mol %)
LiOH (2.0 equiv)

2

Me
3

entry

surfactant

% yieldsb

1

3 wt% SDS

47

2

3 wt% TPGS-750M

75

3

3 wt% TWEEN 20

66

4

3 wt% NOK

16

5

neat water

trace

6

3 wt% PS-750-M

96 (92)c

a

Reaction conditions: 1 (0.37 mmol, 1.5 equiv.), 2 (0.25 mmol, 1.0 equiv.), Pd NPs (12
mg), LiOH (0.5 mmol, 2.0 equiv.), solvent (1 mL), 60 °C, 24 h. bYields based on GCMS
with mesitylene as an internal standard. cIsolated yield.

Substrates scope
With optimized conditions in hand, we investigated the substrates scope to ensure the
generality and robustness of the process. The combination of different coupling partners
were explored (Table 2.4). The standard reaction conditions for substrate scope was: Ntosylhydrazone (0.37 mmol, 1.5 equiv.), aryl halide (0.25 mmol, 1.0 equiv.), LiOH (0.5
mmol, 2.0 equiv.), Pd NPs (1.5 mol %, 12 mg), 3 wt % PS-750-M in H2O (1 mL) at 70 °C.
Both aryl bromides and aryl iodides can be employed for similar results. Electron-rich (3,
6, 17, 18) as well as electron-deficient (5, 15, 24) substrates display excellent reactivity.
Sterically hindered substrates containing a substituent at the ortho position afford desired
compounds (8-13, 16, 22) without affecting the reaction yields. Substrates bearing various
functional groups such as chloro (4), cyano (5, 12), ketone (6), nitro (9, 13), and
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trifluoromethyl (15) were well-tolerated in good-to-excellent conversions. With
dihaloarene coupling partners, hydrodehalogenation often occurs. However, products (4,
8, 11, 14, 17-19, 21, 22) were obtained in good reaction yields. No hydrodehalogenation
was observed in all cases. Ester also worked well (3e), hydrolysis was not observed, even
though LiOH was used as the base. The perflouoropheny coupling partner displays
excellent reactivity (20, 21), no SNAr type side reaction was detected.
Various heterocyclic systems, such as, pyridyl (17) and thiophenyl (18) moieties were
also well tolerated. This methodology was also equally effective in obtaining cyclic olefins
(15, 16, 19, 22). These cyclic olefins are potentially useful for the generation of biaryl
compounds after further aromatization. Among all these examples, both the cyclic and
acyclic hydrazones can be found as coupling partners.
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Table 2.4. Substrate scope for micellar Pd-catalyzed cross-coupling of Ntosylhydrazones and aryl halides.a
NNHTs
Pd NPs
LiOH (2 equiv)

X
Ar1

Ar2

+

Ar1

3 wt % PS-750-M in H2O
70 oC

(X = I, Br)

Me

Cl

3 17 h, 92%

Me

CN
5 48 h, 52%b

4 17 h, 75%

Br

CO2Me

Ar2

6 17 h, 90%b

O

NO2

CO2Me
7 36 h, 76%b

9 36 h, 65%b

8 17 h, 72%

Br

CN

O2N

10 16 h, 91%

NO2

O2N

O2N

O2N
Cl

12 17 h, 80%

11 24 h, 80%

13 20 h,

71%b

14 18 h, 83%

OMe
CF3
N

CF3
15 38 h, 35%b

16 17 h, 84%b

F

F

F

19 16 h, 95%

Me

F3C

Me

F

F
F
21 18 h, 83%

Cl

Br

F
F
F
20 20 h, 72%

S
18 36 h, 73%

17 40 h, 69%

F

Cl

Cl

Cl
22 16 h, 54%

F3C

O
CF3

23 17 h,

92%b

CF3 24 17 h, 88%

a

Reaction condition: N-tosylhydrazone (0.37 mmol, 1.5 equiv.), aryl halide (0.25 mmol,
1.0 equiv.), LiOH (0.5 mmol, 2.0 equiv.), Pd NPs (12 mg), 3 wt % PS-750-M in H2O (1
mL), 70 °C; baryl bromide is used as a coupling partner. All yields are isolated.
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Reaction scalability
NNHTs

Pd NPs (3 mol %)
LiOH (2 equiv.)

I
+

Cl
25
(1.98 g, 6.3 mmol)

26
(1.0 g, 4.2 mmol)

3 wt % PS-750-M in H2O
70 oC, 17 h

Cl
19 96%
(1.45 g)

Scheme 2.4. Application on gram scale reaction.
Reaction scalability was explored on a gram scale. A coupling of 25 (6.3 mmol, 1.98
g) with 26 (4.2 mmol, 1.0 g) was performed in the presence of Pd NPs, LiOH, and 3 wt %
aq. PS-750-M (procedure D, page 57). The reaction was monitored as complete after
stirring for 17 h at 70 °C. Product 19 was obtained as a white solid in 96% isolated yield
(1.45 g), confirm that the reaction can be reproducible at a large scale without affecting the
reaction yield.
Kinetic study and recycling study
NNHTs
I
+

Cl
25

26

Pd NPs (3 mol %)
LiOH (2 equiv.)
3 wt % PS-750-M in H2O
70 oC, 17 h

Cl
19

Scheme 2.5. Kinetic and recycling study.
A. Kinetic study
To validate the retention of catalytic activity of recycled catalyst, reaction rates in each
cycle were recorded. The reaction between 25 (3.0 mmol) and 26 (2.0 mmol) was
conducted and set up according to procedure E (page 58). The aqueous reaction medium
containing the catalyst was purged with an argon atmosphere and reused as such. In each
cycle, an aliquot of 200 µL was withdrawn from the vial and analyzed every 2 h intervals
until 14 h and then 17 h without disturbing any key reaction parameters (temperature and
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argon atmosphere). The similar reaction rates in each cycle confirming that the reactivity
of recycled catalyst was the same as with fresh (Table 2.5).
Table 2.5. Results from the kinetic study
Time

2h

4h

6h

8h

10 h

12 h

14 h

17 h

0th cycle

36%

61%

79%

85%

91%

94%

96%

100%

1st cycle

36%

60%

77%

85%

90%

94%

95%

100%

2nd cycle

36%

60%

76%

84%

90%

94%

95%

100%

3rd cycle

35%

60%

76%

83%

90%

93%

94%

100%

Figure 2.2. Kinetic studies as a valid assessment of the recyclability of catalyst.

B. Recycling study
The recyclability of the catalyst and the reaction medium was further confirmed by
recycle study. Following the standard condition, a coupling of 25 (0.37 mmol) and 26 (0.25
mmol) was kept for 17 h at 70°C (Scheme 2.5). After reaction completion, extraction was
performed using a minimal amount of organic solvent (see procedure F, page 62). The

43

aqueous reaction medium containing the catalyst was purged with argon atmosphere and
reused by adding new substrates and base to start the next cycle. The product was obtained
with quantitative yields in each case over four cycles (Table 2.6). A slightly decrease in
reaction in the third and fourth cycle might be due to the loss of catalyst during work up in
each cycle. These results confirm the potential for recycling of both the aqueous PS-750M and the catalyst.
Table 2.6. Recycling of PS-750-M and catalyst
cycle

conversion (%)

0

94

1

95

2

91

3

88

4

88

The advantage of aqueous micellar technology is the ability to reduce a significant
amount of organic and aqueous waste as indicated by Environmental Factor (also called EFactor). E-Factor is a metric measuring the amount of organic waste generated per amount
of product obtained (Scheme 2.6). Lower E-Factor represents a clean process with the least
amount of waste. E-Factor ranges typically from 25-100 for the pharmaceutical industry
and 5-50 for fine chemicals. Since the reaction medium can be reused and the organic
solvent involved only in the extraction, the E-Factor for this study was only 7.9, confirming
the greenness of this methodology.
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Scheme 2.6. E-Factor calculation.
Access to olefins via tandem approach condition
O
Me

I

+
Cl

O
O2N

Me

NHNH2
O S O

I

CN
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CN

Me

12, 80%
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Cl
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Br
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+
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Reaction condition: Aryl ketone (0.37 mmol), aryl iodide (0.25 mmol), tosylhydrazines
(0.37 mmol), LiOH (0.5 mmol), Pd NPs (12 mg), 3 wt % aq. PS-750-M (1 mL), 70 °C, 17
h; all yields are isolated.
Scheme 2.7. Tandem reactions.
Barluenga and-co-workers reported a highly-efficient methodology for the preparation
of 4-aryltetrahydropyridines in a one-pot reaction, where 4-piperidones were directly
employed in the cross-coupling reaction and served as nucleophilic coupling partner.104 If
we can perform a one-pot reaction in water, it could be of great use in the pharmaceutical
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industry. Therefore, tandem reactions were set up under micellar conditions. Carbonyl
compounds were used as carbenes precursors to generate N-tosyhydrazones intermediate
in the presence of N-tosylhydrazines, which subsequently reacts with the aryl halides in the
same pot to obtain the final olefins. Three different reactions were conducted according to
the scope’s conditions (Scheme 2.7). The adduct 4, 12, and 22 were obtained in comparable
yields as when the corresponding isolated N-tosyhydrazones were used, suggesting the
efficiency of this methodology for one-pot reactions.
Pd NPs catalyst analysis
To gain more knowledge about the size, shape, and physical properties of Pd NPs
catalyst, some analyses (such as HRTEM, SEM, XPS, and TGA) were performed.
A. SEM and HRTEM analysis of Pd NPs catalyst
HRTEM analysis of Pd NPs revealed the nano size of Pd particles.

Figure 2.3. A) SEM images of Pd NPs; B) HRTEM images of Pd NPs.
B. XPS analysis of Pd NPs catalyst
X-ray photoelectron spectroscopy (XPS) studies were performed using a VG Scientific
MultiLab 3000 ultra-high vacuum surface analysis system, equipped with a dual-anode
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(Mg/Al) X-ray source and a CLAM4 hemispherical electron energy analyzer. The
measurements were conducted at the base pressure in the 10-9 Torr range, and a nonmonochromatized Al Ka x-ray radiation (hn » 1486.6 eV) was used as the X-ray source.
XPS spectra were collected at an electron emission angle of 54.7o relative to the surface
normal. To analyze the oxidation state of the Pd catalyst sample, high-resolution Pd3d XPS
spectra were collected, and their detailed binding energy (BE) analysis was performed. In
addition, high-resolution spectra of C1s were also acquired, and the C–C peak of the
adventitious carbon, at the BE of 284.5eV, was used for the BE calibration. The figure
below shows the high-resolution experimental spectrum of Pd3d along with the peaks
obtained from the deconvolution of this spectrum. The deconvolution of the Pd3d spectrum
yields two species - one with the Pd3d5/2 line at 335.6 eV and the other at 337.0 eV, which
correspond to Pd(0) and Pd(II), respectively. The observed presence of the Pd(II) is due to
partial oxidation of the catalyst during the handing of the sample and its transfer to the XPS
system (Figure 2.4).
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Figure 2.4. Peak deconvolution of high-resolution Pd3d spectrum.
C. Thermogravimetric (TGA) analysis of Pd NPs catalyst
TGA of Pd NPs was performed. As seen in Figure 2.5, only ca. 10% of the total mass
was lost upon heating the material up to 200 °C, which is due to the loss of hydrocarbons
from the surfactant and CH2Cl2. From 200 – 300°C, decomposition of PPh3 was observed.
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Figure 2.5. Thermogravimetric analysis (TGA) analysis of nanoparticles.
D. Elemental analysis of Pd NPs catalyst
The nanoparticle catalyst was prepared follow procedure A (page 55), and the sample
was sent out for elemental analysis. A trace amount of copper (Cu) was observed, possibly
due to the contamination of Cu in the available commerce of K2PdCl4.
Table 2.7. Elemental analysis of Pd NPs catalyst
Elemental

C

H

N

P

Pd

Na

Cu

Percent (%)

71.46

7.73

0.96

11.28

3.4

22 ppm

9 ppm
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Mechanistic investigation
To better understand the role of micelles, we performed a series of dynamic light
scattering (DLS) experiments. At first, the average particle diameter of 0.3 wt % aq. PS750-M was found to be ca. 200 nm (Figure 2.6.A). Next, the solution of 0.3 wt % aq. PS750-M and Pd NPs catalyst (5 mg/10 mL of 0.3 wt % aq. PS-750-M) was stirred for few
minutes and then filtered through a membrane filter before the analysis. The average
diameter of PS-750-M nanomicelles was increased to ca. 520 nm when Pd NPs catalyst
was added to the aqueous solution of PS-750-M (Figure 2.6.B). The increase in diameter
of nanomicelles upon addition of Pd NPs catalyst was indicative of accommodation of Pd
NPs inside the micellar core. A further significant increase in the size of nanomicelles was
observed when both the starting materials 1 (43 mg), 2 (22 mg), and LiOH (5 mg) were
added to the mixture of Pd NPs and 0.3 wt % aq. PS-750-M. The average particle size was
ca. 1430 nm, which indicates the accommodation of all of the reaction components inside
the micelles except LiOH (Figure 2.6.C).

50

Figure 2.6. Dynamic light scattering (DLS) plots.
We then conduct

31

P NMR study to investigate whether the catalyst retains in the

aqueous layer after being extracted with organic solvent. Analysis was performed in CDCl3
using tri-o-tolyphosphine as internal standard9 (placed in a closed capillary tube, d = -29.4
ppm) at 23 °C on Varian Unity INOVA (400 MHz) spectrometer. 31P NMR of the fresh Pd
NPs showed a single signal at 29.7 ppm for the binding of phosphorous with Pd(0) (Figure
2.7.C), however 31P NMR of the aged Pd NPs showed two signals: one signal at 33.3 ppm,
and one signal at 29.7 ppm, which corresponding to the binding of phosphorous with Pd(II)
and Pd(0), respectively (Figure 2.7.A). The appearance of Pd(II) on the surface of aged
catalyst is possibly due to the exposure of the catalyst to the air and moisture. It was also
observed in XPS analysis. Under the reaction conditions or basic conditions, the Pd(II)
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reduces to Pd(0), as clearly seen on

31

P NMR (Figure 2.7.B). The signal at 33.3 ppm

disappears, and only signal at 29.7 ppm is observed.
The coupling reaction between 1 and 2 was performed under our standard condition.
After 17 h as the reaction complete, the reaction was extracted with EtOAc and allowed to
separate. Both the organic layer and the aqueous layer were analyzed by 31P NMR. As seen
in Figure 2.7.D, the 31P NMR of the aqueous layer displayed one signal at 29.7 ppm, which
is similar to the 31P NMR of fresh catalyst, whereas no signal was observed in the 31P NMR
of the organic layer (Figure 2.7.E), suggesting that no leaching of catalyst in the organic
layer during product extraction. This indicates that Pd NPs catalyst stay intact with the
nanomicelles of PS-750-M.

Figure 2.7. 31P NMR analysis.
Based on the preliminary experimental results and literature precedents as shown in
Scheme 2.2, a plausible reaction pathway for formation of the desired terminal olefins
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under micellar conditions is outlined in Scheme 2.8. The first step is the oxidative addition
of aryl halide to generated Pd-aryl intermediate. The deprotonation step most likely
happens outside of micelles, results in the formation of diazo compounds, which quickly
enter to micelles and reacts with Pd-aryl intermediate to obtained Pd-carbene intermediate.
Subsequent migratory insertion and 𝛽-hydrogen elimination afford the final terminal
olefins and Pd(II)HX. Reductive elimination in Pd(II)HX re-generates Pd(0).
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Scheme 2.8. Plausible reaction pathway.
2.3. Conclusions
The Pd NPs ligated with inexpensive triphenylphosphine have been efficiently applied
to the cross-coupling reaction of N-tosylhydrazones with aryl halides for the syntheses of
terminal olefins under aqueous micellar conditions. The protocol tolerates a wide range of
aryl halides and N-tosylhydrazones, including aryl/heteroaryl as well as cyclic in good-toexcellent conversions. The metal carbene and carbenoids species are stabilized in aqueous
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micelles. Both the Pd NPs catalyst and the reaction medium can be recycled and reused up
to fourth times without significant loss of the activity. Kinetic studies with recycled catalyst
revealed almost the same reaction rates in each cycle, which strongly indicates the stability
of catalyst. Catalytic activity on a gram scale and tandem one-pot reactions were also
demonstrated. Overall, this approach offers an inexpensive, safe, scalable, and reliable
route to terminal olefins.
2.4. Experimental data
I. General information
Unless otherwise specified, all reactions were carried out under oven-dried 4 mL glass
vials containing PTFE-coated magnetic stir bar. Solvent molarity listed in reaction schemes
is relative to the limiting reagent. All experiments were monitored by analytical thin-layer
chromatography (TLC) and GCMS. After elution, plate was visualized under UV
illumination at 254 nm for UV active materials. Further visualization was achieved by
staining with alkaline KMnO4 and charring on a hot plate. Solvents were removed in a
vacuum and heated with a water bath at 40 °C. Silica gel 230-400 mesh was used for
column chromatography. Columns were packed as a slurry of silica gel in hexanes and
equilibrated with the appropriate solvent mixture before use.
TLC plates (UV 254 indicator, aluminum backed, standard grade silica gel, 230–400
mesh) were supplied by Merck; silica gel (230-400 mesh) was purchased from Silicycle;
sand was purchased from Fisher Scientific. Methanol, dichloromethane, acetone, ethyl
acetate, hexanes, pentane, and HPLC-grade water were purchased from Fisher Scientific
and used without further purification. NMR solvents were obtained from Cambridge
Isotopes Laboratories. Dry solvents were prepared using standard procedures, surfactant
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solution PS-750-M was prepared in HPLC-grade water and thoroughly purged with argon.
Aryl iodides, N-tosylhdrazide, and other reaction intermediates were purchased from
Sigma-Aldrich or Combi-Blocks.
All products were purified by flash chromatography using a Teledyne Isco CombiFlash
Rf 150.

GCMS data was obtained using a Thermo Scientific Trace 1300 Gas

Chromatograph coupled with a Thermo Scientific ISQ-QD Single Quadrupole Mass
Spectrometer. All NMR spectra were recorded at 23 °C on Varian MR-400, Varian Unity
INOVA 500, and Varian VNMRS 700 spectrometers (400, 500, and 700 MHz,
respectively). Reported chemical shifts are referenced to residual solvent peaks. All HRMS
data were recorded using electrospray ionization (ESI) on a Thermo Electron MAT 95XP
mass spectrometer.
II. Experimental procedures
Procedure A: Synthesis of nanoparticle catalyst
To a vigorously stirred solution of K2PdCl4 (33 mg, 0.1 mmol) and tetra-noctylammonium bromide (109 mg, 0.2 mmol) in 1:1 deionized water/CH2Cl2 (2mL), a
solution of PPh3 (131 mg, 0.5 mmol) in CH2Cl2 (2 mL) was slowly added at room
temperature. The resulting mixture was stirred for 30 minutes at rt. To the mixture, a
solution of NaBH4 (12 mg, 0.3 mmol) in deionized water (1 mL) was slowly added,
followed by the addition of 0.1 mL 3 wt % PS-750-M in H2O. The reaction mixture was
stirred for an additional 1 hour at rt under inert atmosphere.
After 1 h additional stirring, CH2Cl2 (1 mL) was added to the reaction mixture, and
the mixture was stirred for few minutes. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous. The organic layer was removed from the reaction
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mixture, then was dried over anhydrous sodium sulfate. Volatiles were removed under
reduced pressure to obtain nanoparticles as yellow solid. 1 mL pentane was added to the
solid material, and the material was tritiated for a minute. Pentane was removed under
reduced pressure to obtain a free-flowing yellow solid (132 mg).
Procedure B: Synthesis of starting materials
To a rapidly stirred suspension of tosylhydrazide (2.36 g, 12.0 mmol) in methanol (20
mL), a solution of ketone in methanol (16.0 mmol) was added dropwise. The mixture was
heated to 70 °C for 2 h, then cooled to room temperature. The product was collected by
filtration and washed with pentane.
Procedure C: General procedure for catalytic reaction
In a 4 mL reaction vial containing PTFE-coated stir bar, N-tosylhydrazone (0.37
mmol), aryl halide (0.25 mmol), Pd NPs (1.5 mol %, 12 mg), and LiOH (0.5 mmol, 12 mg)
were added. The reaction vial was sealed with a rubber septum, and the septum was
wrapped with parafilm. 1.0 mL 3 wt % aq. PS-750-M was added to the reaction mixture.
The reaction mixture was stirred at 60-70 °C until complete consumption of starting
material.
After complete consumption of starting material as monitored by TLC and GCMS, the
reaction mixture was cooled to rt. 1 mL EtOAc was added to the reaction mixture, and the
mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous layer. The organic layer was removed with the use of
a pipette. Similarly, an additional extraction procedure was employed. Combined organic
layers were dried over anhydrous sodium sulfate. Volatiles were removed under reduced
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pressure to obtain a semi-pure product, which was further purified by flash chromatography
using EtOAc/hexanes as eluent.
Procedure D: General procedure for gram-scale reaction
In a 50 mL round-bottomed flask containing a PTFE-coated magnetic stir bar, (Z)-N'(3,4-dihydronaphthalen-1(2H)-ylidene)-4-methylbenzenesulfonohydrazide (25) (1.98 g,
6.3 mmol), 1-chloro-4-iodobenzene (26) (1 g, 4.2 mmol), Pd NPs (201.6 mg), and LiOH
(8.4 mmol, 201.2 mg) were added. The reaction vessel was closed with a rubber septum.
16 mL 3 wt % PS-750-M in H2O was added to the reaction mixture, and the mixture was
stirred at 70 °C for 17 h.
After stirring the reaction mixture at 70 °C for 17 h, the mixture was cooled to rt. 8
mL EtOAc was added to the reaction mixture, and the mixture was stirred for two minutes
at rt. Stirring was stopped, and the organic layer was allowed to separate from the aqueous
layer. Organic layer was removed using a separatory funnel. The extraction procedure was
applied for an additional time. Combined organic layer was dried over anhydrous sodium
sulfate. Volatiles were removed under reduced pressure to obtain a semi-pure product as
semi-solid material. Pure product was obtained as a white solid after flash chromatography
over silica gel using hexanes as eluent (Rf = 0.41 in pure hexanes). Yield (1.45 g, 96%).
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Procedure E: General procedure for kinetic studies

Scheme 2.9. To perform the reaction rate study, a plan outlined above was followed.
Zeroth cycle: In a 20 mL round-bottomed flask containing a PTFE-coated magnetic
stir bar, (Z)-N'-(3,4-dihydronaphthalen-1(2H)-ylidene)-4-methylbenzenesulfonohydrazide
(25) (943 mg, 3.0 mmol),1-chloro-4-iodobenzene (26) (477 mg, 2.0 mmol), LiOH (96 mg,
4.0 mmol) and Pd NPs (96 mg) were added. The reaction vial was closed with a rubber
septum, and the rubber septum was wrapped with parafilm. The mixture was evacuated
and backfilled with argon, and this process was repeated three times. Under an inert
atmosphere, a freshly degassed 8.0 mL aq. 3 wt % PS-750-M was added to the reaction
mixture. The reaction mixture was transferred to a preheated well plate at 70 °C and
allowed to stir. After 2 h, under vigorous stirring conditions, an aliquot of 200 µL was
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withdrawn from the vial without disturbing any key reaction parameters (temperature and
argon atmosphere). The aliquot was diluted with 1 mL EtOAc containing mesitylene as
internal standard (0.1 equiv.). The diluted mixture was passed through a silica pad to
remove metal impurities, and the organic layer was analyzed using GCMS. Following the
same protocol, the reaction mixture was analyzed for every 2 h interval until 14 h of
reaction and then finally at 17 h.
First recycle: A separate, undisturbed similar reaction set was kept for 17 h at 70 °C.
Later the mixture was treated with 5 mL EtOAc, which was then stirred for 2 minutes at rt.
Stirring was stopped, and the organic layer was allowed to separate. An organic layer was
removed. This extraction procedure was repeated one more time (total 10 mL EtOAc). The
aqueous portion was kept for 1st recycle.
The aqueous solution obtained from the above was purged with argon for 5 minutes
before reuse. To this well purged aqueous solution, 25 (943 mg, 3.0 mmol), 26 (477 mg,
2.0 mmol), and LiOH (96 mg, 4.0 mmol) were added under the argon atmosphere. The
reaction vial was closed with a rubber septum, and the rubber septum was wrapped with
parafilm. The reaction mixture was stirred at 70 °C. After 2 h, under vigorous stirring
conditions, an aliquot of 200 µL was withdrawn from the vial without disturbing any key
reaction parameters (temperature and argon atmosphere). The aliquot was diluted with 1.0
mL EtOAc containing mesitylene as internal standard (0.1 equiv.). The mixture was passed
through a silica pad to remove metal impurities and analyzed using GCMS. Following the
same protocol, the reaction mixture was analyzed for every 2 h interval until 14 h and then
at 17 h of reaction.
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Second recycle: Follow the exact protocol above. A separate, undisturbed similar
reaction set was kept for 17 h at 70 °C. Later the mixture was treated with 5 mL EtOAc,
which was then stirred for 2 minutes at rt. Stirring was stopped, and the organic layer was
allowed to separate. An organic layer was removed. This extraction procedure was repeated
one more time (total 10 mL EtOAc). The aqueous portion was kept for 1st recycle.
The aqueous solution obtained from the above was purged with argon for 10 minutes
before reuse. To this well purged aqueous solution, 25 (943 mg, 3.0 mmol), 26 (477 mg,
2.0 mmol), and LiOH (96 mg, 4.0 mmol) were added under the argon atmosphere. The
reaction vial was closed with a rubber septum, and the rubber septum was wrapped with
parafilm. The reaction mixture was kept for 17 h at 70 °C. Later the mixture was treated
with 5 mL EtOAc, which was then stirred for 2 minutes at rt. Stirring was stopped, and the
organic layer was allowed to separate. An organic layer was removed. This extraction
procedure was repeated for one more time (total 10 mL EtOAc). The aqueous portion was
kept for 2nd recycle.
The aqueous solution obtained from the above was purged with argon for 10 minutes
before reuse. To this well purged aqueous solution, 25 (943 mg, 3.0 mmol), 26 (477 mg,
2.0 mmol), and LiOH (96 mg, 4.0 mmol) were added under the argon atmosphere. The
reaction vial was closed with a rubber septum, and the rubber septum was wrapped with
parafilm. The reaction mixture was stirred at 70 °C. After 2 h, under vigorous stirring
conditions, an aliquot of 200 µL was withdrawn from the vial without disturbing any key
reaction parameters (temperature and argon atmosphere). The aliquot was diluted with 1.0
mL EtOAc containing mesitylene as internal standard (0.1 equiv.). The mixture was passed
through a silica pad to remove metal impurities and analyzed using GCMS. Following the
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same protocol, the reaction mixture was analyzed for every 2 h interval until 14 h and then
at 17 h of reaction.
Third recycle: Follow the exact protocol above. A separate, undisturbed similar
reaction set was kept for 17 h at 70 °C. Later the mixture was treated with 5 mL EtOAc,
which was then stirred for 2 minutes at rt. Stirring was stopped, and the organic layer was
allowed to separate. An organic layer was removed. This extraction procedure was repeated
one more time (total 10 mL EtOAc). The aqueous portion was kept for 1st recycle.
The aqueous solution obtained from the above was purged with argon for 10 minutes
prior to reuse. To this well purged aqueous solution, 25 (943 mg, 3.0 mmol), 26 (477 mg,
2.0 mmol), and LiOH (96 mg, 4.0 mmol) were added under the argon atmosphere. The
reaction vial was closed with a rubber septum and the rubber septum was wrapped with
parafilm. The reaction mixture was kept for 17 h at 70 °C. Later the mixture was treated
with 5 mL EtOAc, which was then stirred for 2 minutes at rt. Stirring was stopped, and the
organic layer was allowed to separate. An organic layer was removed. This extraction
procedure was repeated for one more time (total 10 mL EtOAc). The aqueous portion was
kept for 2nd recycle.
The aqueous solution obtained from the above was purged with argon for 10 minutes
before reuse. To this well purged aqueous solution, 25 (943 mg, 3.0 mmol), 26 (477 mg,
2.0 mmol), and LiOH (96 mg, 4.0 mmol) were added under the argon atmosphere. The
reaction vial was closed with a rubber septum, and the rubber septum was wrapped with
parafilm. The reaction mixture was kept for 17 h at 70 °C. Later the mixture was treated
with 5 mL EtOAc, which was then stirred for 2 minutes at rt. Stirring was stopped, and the
organic layer was allowed to separate. An organic layer was removed. This extraction
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procedure was repeated one more time (total 10 mL EtOAc). The aqueous portion was kept
for 3rd recycle.
The aqueous solution obtained from the above was purged with argon for 10 minutes
before reuse. To this well purged aqueous solution, 25 (943 mg, 3.0 mmol), 26 (477 mg,
2.0 mmol), and LiOH (96 mg, 4.0 mmol) were added under the argon atmosphere. Reaction
vial was closed with a rubber septum, and the rubber septum was wrapped with parafilm.
The reaction mixture was stirred at 70 °C. After 2 h, under vigorous stirring conditions, an
aliquot of 200 µL was withdrawn from the vial without disturbing any key reaction
parameters (temperature and argon atmosphere). The aliquot was diluted with 1.0 mL
EtOAc containing mesitylene as internal standard (0.1 equiv.). The mixture was passed
through a silica pad to remove metal impurities and analyzed using GCMS. Following the
same protocol, the reaction mixture was analyzed for every 2 h interval until 14 h and then
at 17 h of reaction.
Procedure F: General procedure for recycle study
Zeroth cycle: In 4 mL reaction vial containing PTFE coated stir bar, (Z)-N'-(3,4dihydronaphthalen-1(2H)-ylidene)-4-methylbenzenesulfonohydrazide (25) (0.37 mmol,
117 mg), 1-chloro-4-iodobenzene (26) (0.25 mmol, 59 mg), Pd NPs (12 mg), and LiOH
(0.5 mmol, 12 mg) were added. The reaction vial was closed with a rubber septum, and the
rubber septum was wrapped with parafilm. 1.0 mL 3 wt % PS-750-M in H2O was added to
the reaction mixture. The reaction mixture was stirred at 70 °C for 17 h. After reaction
completion, the reaction mixture was diluted with 0.4 mL MTBE (methyl tert-butyl ether),
and mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
allowed to separate from an aqueous layer. An organic layer was withdrawn from the
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mixture via syringe. The aqueous solution was retained for 1st recycle. The organic layer
was dried over sodium sulfate. Volatiles were removed to obtain a semi-pure product 19,
which was then purified by flash chromatography over silica gel using hexanes as eluent
Rf = 0.41 (hexanes); yield 94% (56 mg). Hexanes used in the flash chromatography were
recovered and reused.
First recycle: The aqueous solution obtained from the above was purged with argon
for 10 minutes before reuse. To this well purged aqueous solution, 25 (0.37 mmol, 117 mg),
26 (0.25 mmol, 59 mg), and LiOH (0.5 mmol, 12 mg) were added under the argon
atmosphere. The reaction vial was closed with a rubber septum, and the rubber septum was
wrapped with parafilm. The reaction mixture was kept for 17 h at 70 °C. After reaction
completion, the reaction mixture was diluted with 0.4 mL MTBE (methyl tert-butyl ether),
and the mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer
was allowed to separate from an aqueous layer. An organic layer was withdrawn from the
mixture via syringe. The aqueous solution was retained for 2nd recycle. The organic layer
was dried over sodium sulfate. Volatiles were removed to obtain a semi-pure product 19,
which was then purified by flash chromatography over silica gel using recovered hexanes
as eluent, yield 95% (57 mg). Hexanes used in the flash chromatography were recovered
and reused.
Second, third, fourth recycle: The remaining recycles were performed by employing
a procedure as described above. Yield of 19 after each recycle are: 2nd recycle (54 mg,
91%), 3rd recycle (53 mg, 88%), 4th recycle (53 mg, 88%).
Procedure G: General procedure for tandem reactions
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In a 4 mL reaction vial containing PTFE-coated stir bar, aryl ketone (0.37 mmol), aryl
iodide (0.25 mmol), N-tosylhydrazide (0.37 mmol), Pd NPs (12 mg), and LiOH (0.5 mmol)
were added. The reaction vial was sealed with a rubber septum, and the rubber septum was
wrapped with parafilm. 1.0 mL 3 wt % aq. PS-750-M was added to the reaction mixture.
The reaction mixture was stirred at 70 °C for 17 h.
After complete consumption of starting material as monitored by TLC and GCMS, the
reaction mixture was diluted with 0.5 mL EtOAc and then further stirred for a minute at rt.
Stirring was stopped, and the organic layer was allowed to separate from an aqueous layer.
An organic layer was withdrawn from the mixture via syringe. A similar extraction
procedure was applied for an additional time. Combined organic layers were dried over
sodium sulfate. Volatiles were removed to obtain a semi-pure product, which was then
purified by flash chromatography over silica gel using EtOAc/hexanes.
III. Supplementary Information
Control experiment revealing the role of micelle:

Me

O

Br

NNHTs

Pd NPs (1.5 mol %)
LiOH (2.0 equiv.)

O

OH
OH

O

OH

3 wt % PS-750-M in H2O
70 °C, 36 h
HO

O

traces

Scheme 2.10. Control experiment revealing the role of micelle.
In a 4 mL reaction vial containing PTFE-coated stir bar, (E)-4-methyl-N'-(1phenylethylidene)benzenesulfonohydrazide (0.37 mmol), 5-bromoisophthalic acid (0.25
mmol), Pd NPs (1.5 mol %, 12 mg), and LiOH (0.5 mmol, 12 mg) were added. The reaction
vial was sealed with a rubber septum, and the septum was wrapped with parafilm. 1.0 mL
3 wt % aq. PS-750-M was added to the reaction mixture. The reaction mixture was stirred
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at 70 °C for 36 h. After 36 h, the reaction mixture was cooled down to rt. 1 mL EtOAc was
added to the reaction mixture, and the mixture was stirred for a minute at rt. Stirring was
stopped, and the organic layer was allowed to separate from the aqueous layer. The organic
layer was analyzed using GCMS. A traces amount of product was obtained from GCMS
analysis.
ICP-MS analysis for trace Pd:
The cross-coupling reaction was performed under the standard optimized conditions.
After the reaction was completed, product was isolated and sent out for ICP-MS analysis.

CF3

CF3

Cl

Scheme 2.11. ICP-MS analysis for trace Pd.
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Survey spectrum

Figure 2.8. Low resolution survey spectra of nanoparticles.
Table 2.8. Surface elemental composition of nanoparticles determined from XPS data
ASF

Elemental line

Intensity (cps)

Atom %

0.711

O1s

3173

8.99

0.477

N1s

481

2.03

5.356

Pd3d

1136

0.43

0.296

C1s

12781

86.99

0.486

P2p

186

0.77

1.685

Na1s

663

0.79

IV. Compound characterization
1-methyl-4-(1-phenylvinyl)benzene (3)105
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Me

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil, yield 92% (45 mg); Rf = 0.32 (hexanes); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.34 (m, 5H), 7.24 (d, J = 7.8 Hz, 2H), 7.15 (d, J = 7.8 Hz, 2H), 5.44 (s,
1H), 5.41 (s, 1H), 2.37 (s, 3H).

1-chloro-4-(1-phenylvinyl)benzene (4)90

Cl

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil; yield 75% (40 mg), Rf = 0.31 (hexanes); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.33 (m, 5H), 7.31 – 7.24 (m, 4H), 5.47 (s, 1H), 5.45 (s, 1H).

4-(1-phenylvinyl)benzonitrile (5)106

CN

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil; yield 52% (26 mg); Rf = 0.28 (hexanes); 1H NMR (400 MHz,
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CDCl3) δ (ppm) 7.63 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.41 – 7.31 (m, 3H),
7.32 – 7.24 (m, 2H), 5.59 (s, 1H), 5.55 (s, 1H).

4-(1-phenylvinyl)benzonitrile (6)107

Me
O

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil; yield 90% (50 mg); Rf = 0.30 (1:20 ethyl acetate/hexanes); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.93 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.32
(m, 5H), 5.60 – 5.51 (m, 2H), 2.62 (s, 3H).

Dimethyl 5-(1-phenylvinyl)isophthalate (7)

CO2Me

CO2Me

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a white solid; mp = 121-122 °C; yield 76% (56 mg); Rf = 0.38 (1:20 ethyl
acetate/hexanes); 1H NMR (400 MHz, CDCl3) δ (ppm) 8.64 (s, 1H), 8.19 (d, J = 1.2 Hz,
2H), 7.34 (m, 3H), 7.35 – 7.27 (m, 2H), 5.59 (s, 1H), 5.54 (s, 1H), 3.93 (s, 6H); 13C NMR
(101 MHz, CDCl3) δ 166.34, 148.56, 142.64, 140.50, 133.59, 130.85, 130.03, 128.62,
128.33, 128.15, 116.32, 52.54; HRMS (ESI) [C18H16O4+Na]+ calcd. 319.0941, found (m/z)
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319.0942.

1-bromo-2-(1-phenylvinyl)benzene (8)108
Br

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil; yield 72% (46 mg); Rf = 0.31 (hexanes); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.57 (d, J = 8.0 Hz, 1H), 7.35 – 7.22 (m, 7H), 7.21 – 7.15 (m, 1H), 5.82
(s, 1H), 5.25 (s, 1H).

1-nitro-2-(1-phenylvinyl)benzene (9)109
NO2

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a yellow oil; yield 65% (36 mg); Rf = 0.4 (hexanes); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.92 (d, J = 8.1 Hz, 1H), 7.61 (t, J = 7.5 Hz, 1H), 7.51 – 7.41 (m, 2H),
7.23 (dd, J = 10.4, 7.9 Hz, 5H), 5.73 (s, 1H), 5.30 (s, 1H).

1-(1-phenylvinyl)naphthalene (10)107

The titled compound was obtained according to the general procedure C. The crude
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product was purified by silica gel column chromatography to provide the desired
compound as a colorless solid; mp = 55-56 °C; yield 91% (52 mg); Rf = 0.24 (hexanes);
1

H NMR (400 MHz, CDCl3) δ (ppm) 7.85 (dd, J = 7.7, 2.9 Hz, 2H), 7.76 (d, J = 8.4 Hz,

1H), 7.50 (t, J = 6.8 Hz, 1H), 7.43 (t, J = 6.8 Hz, 1H), 7.33 (t, J = 7.8 Hz, 1H), 7.25 (d, J =
6.5 Hz, 3H), 5.98 (s, 1H), 5.39 (s, 1H).

1-bromo-2-(1-(3-nitrophenyl)vinyl)benzene (11)
Br
O2N

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a yellow oil; yield 80% (60 mg); Rf = 0.41 (1:20 ethyl acetate/hexanes); 1H
NMR (400 MHz, CDCl3) δ (ppm) 8.19 – 8.05 (m, 2H), 7.61 (dd, J = 8.0, 1.0 Hz, 1H), 7.57
– 7.52 (m, 1H), 7.47 (td, J = 7.8, 0.9 Hz, 1H), 7.40 (td, J = 7.4, 1.2 Hz, 1H), 7.35 (dd, J =
7.5, 1.9 Hz, 1H), 7.29 – 7.24 (m, 1H), 5.94 (s, 1H), 5.45 (s, 1H); 13C NMR (101 MHz,
CDCl3) δ 148.65, 147.36, 141.61, 141.33, 133.36, 132.67, 131.73, 129.85, 129.41, 127.82,
123.18, 122.59, 121.44, 118.89; HRMS (ESI) [C14H10BrNO2]+ calcd. 302.9889, found
(m/z) 302.9891.

2-(1-(3-nitrophenyl)vinyl)benzonitrile (12)
CN
O2N
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The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a brown oil; yield 80% (50 mg); Rf = 0.43 (1:20 ethyl acetate/hexanes); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.92 (d, J = 8.1 Hz, 1H), 7.84 (s, 1H), 7.47 (d, J = 7.7
Hz, 1H), 7.39 – 7.31 (m, 2H), 7.29 – 7.21 (m, 2H), 7.13 (d, J = 7.6 Hz, 1H), 5.73 (s, 1H),
5.39 (s, 1H);

13

C NMR (101 MHz, CDCl3) δ 148.58, 144.82, 144.24, 141.53, 133.8,

133.29, 133.06, 130.45, 129.72, 128.82, 123.24, 122.13, 120.83, 117.78, 112.38; HRMS
(ESI) [C15H10N2O2+Na]+ calcd. 273.0634, found (m/z) 273.0636.

1-nitro-2-(1-(3-nitrophenyl)vinyl)benzene (13)
NO2
O2N

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a yellow oil; yield 71% (48 mg); Rf = 0.37 (1:50 ethyl acetate/hexanes); 1H
NMR (400 MHz, CDCl3) δ (ppm) 8.13 (d, J = 8.2 Hz, 1H), 8.09 (s, 1H), 8.03 (d, J = 8.1
Hz, 1H), 7.70 (t, J = 7.4 Hz, 1H), 7.58 (t, J = 7.6 Hz, 2H), 7.47 (t, J = 6.5 Hz, 2H), 5.87 (s,
1H), 5.46 (s, 1H); 13C NMR (101 MHz, CDCl3) δ 148.58, 144.92, 141.13, 135.68, 133.58,
132.58, 132.47, 129.57, 124.95, 122.99, 121.34, 118.07; HRMS (ESI) [C14H10N2O4+Na]+
calcd. 293.0533, found (m/z) 293.0534.

1-(1-(4-chlorophenyl)vinyl)-3-nitrobenzene (14)
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O2N
Cl

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a white solid; mp = 110-112 °C; yield 83% (54 mg); Rf = 0.32 (1:50 ethyl
acetate/hexanes); 1H NMR (400 MHz, CDCl3) δ (ppm) 8.23 (s, 1H), 7.66 (d, J = 7.7 Hz,
1H), 7.55 (t, J = 7.9 Hz, 1H), 7.38 (d, J = 8.1 Hz, 2H), 7.26 (dd, J = 19.8, 11.3 Hz, 3H),
5.63 (s, 1H), 5.61 (s, 1H); 13C NMR (101 MHz, CDCl3) δ 148.54, 147.18, 142.89, 138.71,
134.48, 134.22, 129.50, 129.43, 128.91, 128.08, 123.07, 122.92, 117.06, 115.87; HRMS
(ESI) [C14H10ClNO2]+ calcd. 259.0395, found (m/z) 259.0395.

4-(3,5-bis(trifluoromethyl)phenyl)-1,2-dihydronaphthalene (15)

CF3

CF3

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil; yield 35% (30 mg); Rf = 0.32 (hexanes); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.84 (s, 1H), 7.81 (s, 2H), 7.23 (m, 2H), 7.15 (t, J = 7.0 Hz, 1H), 6.84 (d,
J = 7.9 Hz, 1H), 6.19 (t, J = 4.5 Hz, 1H), 2.88 (t, J = 7.8 Hz, 2H), 2.46 (dd, J = 12.7, 7.9
Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 143.05, 138.01, 136.83, 133.90, 131.77 (q, J =
33.0 Hz), 130.43, 128.99, 128.11, 127.93, 126.77, 124.89, 122.18, 121.13, 28.12, 23.65;
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F NMR (376 MHz, CDCl3) δ -59.47; HRMS (ESI) [C18H12F6]+ calcd. 342.0838, found

(m/z) 342.0843.

2'-methoxy-3,4-dihydro-1,1'-binaphthalene (16)110
OMe

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil; yield 84% (60 mg); Rf = 0.28 (hexanes); 1H NMR (500 MHz,
CDCl3) δ (ppm) 7.88 (d, J = 9.0 Hz, 1H), 7.83 – 7.79 (m, 1H), 7.78 – 7.71 (m, 1H), 7.37
(d, J = 9.0 Hz, 1H), 7.35 – 7.31 (m, 2H), 7.22 (d, J = 7.4 Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H),
6.95 (t, J = 7.5 Hz, 1H), 6.51 (d, J = 7.7 Hz, 1H), 6.04 (t, J = 4.4 Hz, 1H), 3.84 (s, 3H),
3.04 (t, J = 8.0 Hz, 2H), 2.59 (td, J = 8.1, 4.6 Hz, 2H).

3-(1-(4-chlorophenyl)vinyl)pyridine (17)111

N

Cl

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil; yield 69% (37 mg); Rf = 0.30 (1:10 ethyl acetate/hexanes); 1H
NMR (400 MHz, CDCl3) δ (ppm) 8.63 (s, 1H), 8.60 (d, J = 4.7 Hz, 1H), 7.61 (d, J = 7.9
Hz, 1H), 7.35 (d, J = 8.5 Hz, 2H), 7.32 – 7.24 (m, 3H), 5.58 (s, 1H), 5.53 (s, 1H).
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3-(1-(4-chlorophenyl)vinyl)thiophene (18)

S

Cl

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a brown oil; yield 73% (40 mg); Rf = 0.32 (hexanes); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.36 – 7.22 (m, 5H), 7.15 (dd, J = 5.0, 1.1 Hz, 1H), 7.11 (d, J = 1.6 Hz,
1H), 5.53 (s, 1H), 5.32 (d, J = 0.7 Hz, 1H); HRMS (ESI) [C12H9ClS+H]+ calcd. 221.0186,
found (m/z) 221.0186.

4-(4-chlorophenyl)-1,2-dihydronaphthalene (19)112

Cl

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a white solid; mp = 89-91 °C; yield 95% (57 mg); Rf = 0.41 (hexanes); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.34 (d, J = 8.3 Hz, 2H), 7.28 – 7.25 (m, 2H), 7.17 (dd,
J = 17.8, 7.3 Hz, 2H), 7.10 (t, J = 6.8 Hz, 1H), 6.94 (d, J = 7.3 Hz, 1H), 6.07 (t, J = 4.6 Hz,
1H), 2.84 (t, J = 7.9 Hz, 2H), 2.40 (dd, J = 12.7, 7.8 Hz, 2H).

1,2,3,4,5-pentafluoro-6-(1-(p-tolyl)vinyl)benzene (20)
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F
F
F

F

Me

F

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil; yield 72% (51 mg); Rf = 0.38 (1:50 ethyl acetate/hexanes); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.27 – 7.03 (m, 4H), 6.03 (s, 1H), 5.38 (s, 1H), 2.36 (s,
3H); 13C NMR (176 MHz, CDCl3) δ 144.57 (d, J = 250.0 Hz), 140.77 (d, J = 253.5 Hz),
138.69, 137.74 (dd, J = 237.4, 14.5 Hz), 135.48, 134.50, 129.50, 125.89, 119.87, 116.11
(t, J = 18.6 Hz), 21.31; 19F NMR (376 MHz, CDCl3) δ -140.41 (dd, J = 22.7, 8.1 Hz), 155.39 (t, J = 20.8 Hz), -162.18 (dt, J = 22.6, 8.3 Hz); HRMS (ESI) [C15H9F5]+ calcd.
284.0619, found (m/z) 284.0621.

1-(1-(4-chlorophenyl)vinyl)-2,3,4,5,6-pentafluorobenzene (21)
F
F
F

F

Cl

F

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a yellow oil; yield 83% (63 mg); Rf = 0.40 (1:50 ethyl acetate/hexanes); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.35 – 7.28 (m, 2H), 7.25 – 7.17 (m, 2H), 6.04 (s, 1H),
5.47 (s, 1H); 13C NMR (176 MHz, CDCl3) δ 144.56 (d, J = 248.5 Hz), 140.98 (d, J = 254.4
Hz), 137.82 (dt, J = 27.0, 12.9 Hz), 136.87, 134.65, 133.71, 129.01, 127.37, 121.47, 115.43
(t, J = 17.2 Hz); 19F NMR (376 MHz, CDCl3) δ -140.25 (dd, J = 22.4, 8.0 Hz), -154.60 (t,
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J = 20.9 Hz), -161.67 – -161.82 (m); HRMS (ESI) [C14H6ClF5]+ calcd. 304.0073, found
(m/z) 304.0074.

4-(2-bromophenyl)-1,2-dihydronaphthalene (22)113
Br

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a colorless oil; yield 54% (38 mg); Rf = 0.35 (hexanes); 1H NMR (500 MHz,
CDCl3) δ (ppm) 7.63 (dd, J = 8.0, 1.0 Hz, 1H), 7.36 (td, J = 7.4, 1.1 Hz, 1H), 7.29 (dd, J =
7.5, 1.8 Hz, 1H), 7.23 – 7.19 (m, 2H), 7.16 (td, J = 7.4, 1.1 Hz, 1H), 7.08 (t, J = 7.5 Hz,
1H), 6.63 (d, J = 7.6 Hz, 1H), 6.00 (t, J = 4.5 Hz, 1H), 3.02 – 2.94 (m, 1H), 2.90 – 2.81 (m,
1H), 2.55 – 2.42 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 141.64, 139.52, 135.83, 134.54,
132.82, 131.74, 128.99, 128.88, 127.66, 127.50, 127.15, 126.46, 124.83, 124.17, 28.09,
23.53.

1-(4-(1-(3',5'-bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)vinyl)phenyl)ethan-1-one (23)

Me

F3C
O
CF3

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a white solid; mp =106-108 °C; yield 92% (98 mg); Rf = 0.40 (1:20 ethyl
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acetate/hexanes); 1H NMR (400 MHz, CDCl3) δ (ppm) 8.04 (s, 2H), 7.96 (d, J = 8.3 Hz,
2H), 7.87 (s, 1H), 7.61 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 6.8 Hz, 4H), 5.64 (d, J = 8.1 Hz,
2H), 2.63 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 197.79, 147.20 (d, J = 269.4 Hz), 142.86,
141.54, 137.97, 136.68, 132.34 (d, J = 32.9 Hz), 129.41, 129.23, 128.59, 127.65, 127.38,
127.25, 121.98, 121.20, 116.92, 26.82;

19

F NMR (376 MHz, CDCl3) δ -59.53; HRMS

(ESI) [C24H16F6O+H]+ calcd. 435.1178, found (m/z) 435.1178.

1-(1-(3',5'-bis(trifluoromethyl)-[1,1'-biphenyl]-4-yl)vinyl)naphthalene (24)

F3C

CF3

The titled compound was obtained according to the general procedure C. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a white solid; mp =70-72 °C; yield 88% (96 mg); Rf = 0.38 (1:20 ethyl
acetate/hexanes); 1H NMR (400 MHz, CDCl3) δ (ppm) 7.99 (s, 2H), 7.90 (d, J = 7.4 Hz,
2H), 7.85 (s, 1H), 7.76 (d, J = 8.2 Hz, 1H), 7.47 (dt, J = 53.7, 21.1 Hz, 8H), 6.08 (s, 1H),
5.50 (s, 1H); 13C NMR (101 MHz, CDCl3) δ 147.65, 142.95, 140.64 (d, J = 243.3 Hz),
137.50, 133.93, 132.46, 132.03 (d, J = 21.6 Hz), 128.46, 128.39, 127.65, 127.46, 127.39,
127.16, 126.40, 126.18, 125.96, 125.63, 124.87, 122.16, 121.04, 117.31; 19F NMR (376
MHz, CDCl3) δ -59.64; HRMS (ESI) [C26H16F6+H]+ calcd. 443.1229, found (m/z)
443.1229.
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A HETEROGENEOUS PHOTOACTIVE COPPER-BASED POLYMERIC CATALYST
COMPATIBLE FOR AEROBIC OXIDATIONS OF BENZYLIC ALCOHOLS TO
ALDEHYDES IN WATER
3.1 Background and introduction
Selective oxidation of alcohols to carbonyl compounds is a vital transformation due to
its widespread applications in various industries, including pharmaceuticals, cosmetics,
and fine chemicals. As seen in some examples (Scheme 3.1), carbonyl compounds serve
as intermediates in the synthesis of hydrocodone (typically prescribed to treat severe
pain),114 antifolate LY231514 (used to treat certain types of non-small cell lung cancer),115
and discodermolide (found to be a potent inhibitor of tumor cell growth in several
multidrug resistance cancer cell lines).116
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Scheme 3.1. Applications of carbonyl compounds.
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Me

Me

In general, oxidation reactions are commonly used in industrial processes. However,
it often uses polluting and hazardous procedures generating considerable amounts of toxic
waste.117 Traditional oxidative methods involved stoichiometric oxidants, such as,
chromium (VI) oxide,118 manganese dioxide (MnO2),119 or DMSO/oxalyl chloride (Swern
oxidation).120 All these methods have poor atom-economy121 and possess significant scaleup issues. For example, MnO2 was employed to prepare an intermediate in the synthesis of
isotretinoin,122 which is used to treat acne (Scheme 3.2a). Although excellent yield was
obtained (>95%), MnO2 is not widely applied on a large-scale due the large amount of
waste generated from the use of a minimum of 1 equiv. of the oxidant. Another common
method is the Swern oxidation. An SO3/pyridine complex was utilized to oxidize alcohol
to the aldehyde in the presence of DMSO and Et3N. It has been applied for aldehyde
synthesis on a 190 kg scale in a multi-step synthesis to produce an HIV protease inhibitor123
(Scheme 3.2b). However, the Swern reagent produces a toxic volatile dimethyl sulfide as
a byproduct.
a. MnO2-mediated oxidation
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b. Examples of Swern oxidation
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Scheme 3.2. Traditional methods of oxidation.
Due to the issues described above, the development of systems that are green, scalable
and have broad synthetic utility could be more valuable in the fine-chemicals and
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pharmaceutical industries. Great efforts have been devoted to achieving this transformation
in aerobic oxidations. The combination of a metal catalyst with molecular oxygen is
certainly the best alternative to the existing methodologies. While catalysis allows
reactions to occur under mild conditions,124 oxygen (or air) is the cheapest and less
polluting stoichiometric oxidant since it produces no waste or water as the sole
byproduct.125
Table 3.1. Aerobic oxidations of benzylic alcohols employing Cu/TEMPO catalyst
and air/oxygen as oxidant
O
[Cu]/TEMPO

OH

R

conditions

H

R

author

[Cu]

ligand/base

solvent

gas
pressure

yield (%)

Semmelhack126

CuCl

—

DMF

O2

85 – 96

Sheldon127

CuBr2

bpy/t-BuOK

MeCN/H2O

air

61 – 100

Ragauskas128

Cu(ClO4)2

TMDP/DABCO

DMSO

O2

90 – 98

Ragauskas129

CuBr

PP/acetamido

—

O2

93 – 96

Stahl130

[Cu(MeCN)4]OTf

bpy/NMI

MeCN

air

94 - 100

Lipshutz131

CuBr

bpy/NMI

TPGS-750-M

air

78 – 95

N

N

N

N

N

N

N

DMAP

PP

NMI

CH3

N
N
bpy

TMDP
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Among other transition metals that have also been used for similar oxidations,132,133the
copper-complexes have emerged as most efficient catalysts for aerobic alcohol oxidations
under mild condition.134–136 The activity of these catalysts has been widely developed under
homogeneous conditions, whereas the heterogeneous counterpart remains underexplored.
The advantage of homogeneous catalysis has been proved due to its high efficiency,
selectivity, and yields (Table 3.1). However, the catalyst is difficult to separate and recover
from the reaction mixture. To address these challenges, heterogeneous catalysis has
promising features for sustainability and greenness. By simple filtration or centrifugation
of the reaction mixture, heterogeneous catalysts can be easily separated and reused in
consecutive reactions.
Many efforts have been made to develop a heterogeneous catalyst for the oxidation
reaction. Some examples have been reported herein. As Cu/TEMPO homogeneous catalyst
has shown great efficiency for aerobic oxidation,130 Fernandes hypothesized that a
heterogeneous bifunctional catalyst involving silica-immobilized ligand/Cu and TEMPO
derivatives could afford some benefits through synergistic effects for the aerobic oxidation
of alcohols.137 Using “click” CuAAC (copper-alkyne-azide cycloaddition) reaction to graft
both the ligand and TEMPO-based moieties to a silica platform in different relative
proportions, authors have obtained a precise control on surface composition (Scheme 3.4).
This catalyst enables selective oxidation of benzylic alcohol in toluene at 80 °C under O2
atmosphere. However, the recycling of catalyst results in a significant decrease in activity
after each run.
More interestingly, the same research group continued to develop a trifunctional
catalyst where both Cu/ligand, TEMPO, and N-methylimidazole (NMI) were immobilized
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on silica particles.138 N-methylimidazole (NMI) is known to accelerate the Cu/TEMPOcatalyzed aerobic oxidation of alcohols by decreasing the CuII/CuI reduction potential,134
therefore, it could improve the catalytic performances of Cu/TEMPO catalyst. In this
system, the catalyst could be recycled and reused up to five times. Unfortunately, no
substrate scope was investigated in both cases.
Kitagawa and co-workers developed a heterogeneous system of free radical decorated
PCP (porous coordination polymer) with the formula [Cu(DPIO)2(SiF6)], where DPIO is
4,7-bis(4-pyridyl)-1,1,3,3-tetramethylisoindolin-2-yloxyl.139 A wide range of alcohols
were oxidized to the corresponding carbonyl compounds in the presence of 3.5 mol %
[Cu(DPIO)2(SiF6)], 20 mol % TBN (t-butyl nitrile), and O2 atmosphere. Although the
catalyst was easy to remove by filtration, the reactions were carried out in NMR tubes in
chlorinated solvent (C2D2Cl4).
H
R
R

O

OH
O
N
H3CN
N

Cu

NCH3
N

TfO
O

N
N
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N
N N

CH3
H3C Si CH3

CH3
H3C Si CH3
CH3
H3C Si CH3
Si

Si

CH3
H3C Si CH3

Scheme 3.3. “Click” Bifunctional Cu/TEMPO heterogeneous catalyst.
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Recently, metal-organic frameworks (MOFs) have also been used as heterogeneous
catalysts for oxidation reactions.140 MOFs are porous crystalline materials assembled from
metallic ions or metal clusters held in place by organic linkers. Their unique properties,
such as high porosity and high surface areas, can accommodate a high concentration of the
active sites and chemical stability. Garcia’s group employed Cu3(BTC)2 (BTC: 1,3,5benzenetricarboxylate) and TEMPO for the aerobic oxidation of benzylic alcohols in
acetonitrile under O2 atmosphere.141 Moderate-to-good reaction yields were observed but
no recycle study was reported.
Another MOFs-type catalyst Cu3(BTC)2 was developed by Zhang and co-workers.142
The Cu3(BTC)2 MOFs was synthesized in CO2-expanded DMF at 30 °C and employed on
the catalytic oxidation of benzyl alcohol to benzaldehyde. The catalyst retained the activity
after four runs. However, only 5 examples were investigated in the scope study (Scheme
3.4).
O
OH Cu3(BTC)2 (30 mg)

R

0.2 mmol

TEMPO (0.5 equiv.)
Na2CO3 (1 equiv.)
DMF, O2, 75 °C

R

H

Scheme 3.4. Aerobic oxidation of benzylic alcohols catalyzed by copper on MOFs
[Cu3(BTC)2].
Although copper-based heterogeneous catalysis has some synthetic advantages, most
methods suffer from one or more experimental drawbacks such as harsh reaction
conditions, elevated temperatures, and the need to use toxic organic solvents. Benign and
mild conditions are still underdeveloped in this area.
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A breakdown of chemical waste from industry revealed that 58% of waste are
generated from solvents (Figure 3.1).143 With the inclusion of water used for aqueous workup, solvents make up 86% of the total waste. To reduce the waste, micellar catalysis has
been developed as an alternative way to run organic reactions in water. Since solvents
involve only in work-up process, the amounts of organic waste are significantly decreased.
A widely utilized reaction can be accomplished under micellar conditions. However, their
application in the development of heterogeneous catalysis is not yet advanced due to poor
catalyst solubility. With this in mind, we decided to see how well heterogeneous catalysis
be achieved under micellar conditions.

Figure 3.1. Breakdown of chemical waste generated from industry.30
3.2 Results and Discussion
To achieve heterogeneous catalysis in micellar medium, we first synthesized a
polymeric heterogeneous copper-based catalyst that involved PDI’s complexation with
(MeCN)4Cu(I)PF6 in DME (1.0 equiv.) at 80 °C. After 14 h, the precipitate was filtered
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over a glass frit and dried under vacuum to obtain Cu-PDI catalyst as a red solid. This
material was insoluble in all organic solvents, aqueous micelles, acid, and base.

Scheme 3.5. Synthesis of Cu-PDI catalyst.
The activity of Cu-PDI catalyst was then tested on oxidation of benzylic alcohols. Our
initial condition includes: 4-nitrobenzyl alcohol (0.25 mmol), TEMPO (5 mol %), whiteLED, air balloon, at 45 °C. Without the Cu-PDI catalyst, only a trace amount of product
was observed (entry 1, Table 3.2). Increasing amounts of catalyst from 1, 2, 5, and 10 mol
% afford products in 30, 41, 65, and 68% conversions, respectively (entries 2-5). Due to
only a slight difference in reaction yields between 5 and 10 mol % of catalyst, 5 mol %
value was chosen for further studies.144
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Table 3.2. Catalyst loadinga
O
OH Cu-PDI (0 -10 mol %), TEMPO (5 mol %)

1 mL 3 wt % PS-750-M in H2O,
pH = 4-5, white-LED, air, 45 °C, 24 h

O2N

H
O2N

1, 0.25 mmol

2

entry

Cu-PDI (mol %)

2 (% yield)b

1

0

traces

2

1

30

3

2

41

4

5

65

5

10

68

a

Conditions: 1 (39 mg, 0.25 mmol), Cu-PDI (0 - 10 mol %), TEMPO (1.9 mg, 5 mol %),
white-LED, 1.0 mL 3 wt % aq. PS-750-M, air balloon, 45 °C, 24 h; bConversions based on
GC-MS with mesitylene (1.0 equiv.) as an internal standard.
Upon using 5 mol % Cu-PDI as a catalyst, we next screened the optimal loading of
TEMPO for the improved reactivity (Table 3.3). Without TEMPO, there was no reaction,
indicating that TEMPO plays an essential role in the catalytic cycle (entry 1, Table 3.3).
The reaction yields were increased to 29% and 37% when amounts of TEMPO loading
were 1 mol % and 2 mol %, respectively (entries 2-3). In the presence of 10 mol % TEMPO,
the conversion was increased to 73% (entry 4). Under the same amount of TEMPO loading
(10 mol %) and adjust the pH of 3 wt % aq. PS-750-M to 6-7 (using Na2CO3) increases the
reaction yield to 92% on GC-MS (entry 6). Interestingly, when the pH of 3 wt % aq. PS750-M was adjusted to basic (pH = 8-9) using Na2CO3, 98% GC-MS conversion was
obtained in only 12 h (96% on isolated yields) (entry 7). The faster reaction and better
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yields are possibly due to the requirement of the base for the deprotonation and 𝛽-hydrogen
elimination step.
Table 3.3. TEMPO loadinga
O
OH Cu-PDI (5 mol %), TEMPO (0 - 10 mol %)
1 mL 3 wt % PS-750-M in H2O
pH = 4-5, white-LED, air, 45 °C, 24 h

O2N

H
O2N

1, 0.25 mmol

2

entry

TEMPO (mol %)

2 (% yield)b

1

0

n.r

2

1

29

3

2

37

4

5

65

5

10

73

6

10

92(83)e,d

7

10

98(96)c,d

a

Conditions: 1 (39 mg, 0.25 mmol), Cu-PDI (11.4 mg, 0.0125 mmol), TEMPO (0 - 10 mol
%), white-LED, 1.0 mL 3 wt % aq. PS-750-M, air balloon, 45 °C, 24 h; bconversions based
on GC-MS with mesitylene (1.0 equiv.) as an internal standard. cReaction medium’s pH
adjusted to 8-9 (using Na2CO3), and reaction ran for 12 h. dIsolated yields. eReaction
medium’s pH adjusted to 6-7 (using Na2CO3).
The role of surfactant was studied using different representative surfactants. Under the
same condition, TPGS-750-M, Pluronic, SDS, Tween-20, and NOK provide less reaction
yields compared to PS-750-M (entries 1-6, Table 3.4). When the reaction ran in neat water,
only 12% desired product was obtained, indicating the role of aqueous micelles in the
desired reaction (entry 8).
To confirm the role of light and PDI ligand, some control experiments were performed.
In the presence of 5 mol % TEMPO without Cu-PDI catalyst, only 10% of product was
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observed (entry 1, Table 3.5). Whereas, in the absence of TEMPO, there was no reaction
(entry 2). Under the dark condition, product 2 was obtained in only 12% yield (entry 3).
Switching the white-LED to blue-LED afforded 50% desired product (entry 4). In the
absence of PDI and presence of white-LED irradiation, the reaction yield was 28% (entry
5). These results support the role of PDI and light in redox activity for the oxidation
reaction.
Table 3.4. Surfactant screeninga
O
OH Cu-PDI (5 mol %), TEMPO (5 mol %)
1 mL 3 wt % surfactant in H2O
pH = 4-5, white-LED, air, 45 °C, 24 h

O2N

H
O2N

1, 0.25 mmol

2

entry

surfactant

2 (% yield)b

1

3 wt % aq. TPGS-750-M

29

2

3 wt % aq. Pluronic

37

3

3 wt % aq. SDS

41

4

3 wt % aq. Tween-20

18

5

3 wt % aq. NOK

27

6

3 wt % aq. PS-750-M

65

7

3 wt % aq. PS-750-M

98(96)c,d

8

neat water

12

a

Conditions: 1 (39 mg, 0.25 mmol), Cu-PDI (11.4 mg, 0.0125 mmol), TEMPO (5 mol %),
white-LED, 1.0 mL 3 wt % aq. surfactant solution, air balloon, 45 °C, 24 h; bconversions
based on GC-MS with mesitylene (1.0 equiv.) as internal standard. cReaction medium’s pH
adjusted to 8-9 (using Na2CO3), and reaction ran for 12 h. dIsolated yields.

108

Table 3.5. Control experimentsa
O
OH

conditions
1 mL 3 wt % PS-750-M in H2O
air, 45 °C, 24 h

O2N

H
O2N

1, 0.25 mmol

2

entry

conditions

2 (% yield)b

1

5 mol % TEMPO, no catalyst Cu-PDI, white-LED

10

2

No TEMPO, 5 mol % catalyst Cu-PDI, white-LED

n.r

3

5 mol % TEMPO, 5 mol % catalyst Cu-PDI, dark

12

4

5 mol % TEMPO, 5 mol % catalyst Cu-PDI, blue-LED

50

5

5 mol % TEMPO, 5 mol % (CH3CN)4CuPF6, white-LED

28

a

Conditions: 1 (39 mg, 0.25 mmol), catalyst (5 mol %), TEMPO (5 mol %), 1.0 mL 3 wt
% aq. PS-750-M, 45 °C, 24 h; bconversions based on GC-MS with mesitylene (1.0 equiv.)
as an internal standard.
Substrate scope
After determining the optimized conditions, the scope of various benzyl alcohol
substrates was investigated (Table 3.6). All substrates provided the corresponding
aldehydes in moderate-to-excellent yields. The substrates containing electron-withdrawing
(4-6, 10-12) as well as electron-donating groups (7-9, 13, 14, 24) proved to be suitable to
aerobic oxidations. The aromatic halides, in general, undergo dehalogenation under basic
condition, however, they stayed intact (3-6, 11, 17, 22, 23, 25, 28). Substrates containing
heterocyclic moieties, such as furyl (23), indole (21), pyridyl (17, 22), and thiophene (18,
19, 25) could also be oxidized under the standard conditions. Products from activated
substrates bearing 2-chloro or 2-bromopyridyl (17, 22) fragments obtained in good
conversions without observing the SNAr-type side products. The free phenolic-OH (24) and
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indole-NH (21) groups remained intact; no condensation between formyl and indole’s NH
groups occurred in these examples. Selective oxidation was observed with substrates
containing a sensitive functional group, such as, biaryl sulfide (28) and alkynyl (29). No
such oxidation of these groups was detected. Nitro functional group is well tolerated at
ortho (27), meta (3, 12), and para (2) positions. Overall, our methodology enables efficient
oxidations of varieties of benzylic alcohols to the corresponding aldehydes under mild
micellar conditions. It can be workable without the use of any base. In addition, most of
pure products were obtained after extraction, no column chromatography was needed.
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Table 3.6. Substrate scope
O

5 mol % Cu-PDI
10 mol % TEMPO

OH

R

H

R
1 mL 3 wt % aq. PS-750-M
pH = 8-9, air, white-LED, 45 °C
O

O

O

O2N

H
O2N

O

H

2 96% (12 h)

O
H

Cl
3 95% (16 h)

O

H

H

X
4 X = Br, 78% (12 h)
5 X = Cl, 90% (10 h)
6 X = I, 86% (12 h)

R
7 R = t-Bu, 93% (13 h)
8 R = Et, 90% (24 h)
9 R = OMe, 94% (24 h)

O

Cl

F3C

CF3
10 92% (16 h)
O

O
O

H

F3CO

H

H

H
H

F

N

NO2

12 77% (16 h)

11 84% (13 h)

Br

14 95% (13 h)

13 91% (9 h)

O

CF3

H

H 3C

N
Cl
17 85% (24 h)

S
19 77% (27 h)

18 93% (26 h)

O
H

Br

N

H

O

22 81% (18 h)

H

Br
OH

Br

21 84% (12 h)

O

H

H

N
H

20 94% (18 h)

O

O

O

H

H
S

H
O
16 95% (23 h)

O

O
O

H

O

15 98% (15 h)

23 85% (13 h)

S

24 70% (14 h)

25 82% (13 h)

O

F3C

CF3

H

O

OH

O

H
O
26 95% (24 h)

O
H

NO2

S

27 92% (18 h)

Cl

28 94% (14 h)

O

H
O
29 92% (14 h)

Conditions: Benzyl alcohol (0.25 mmol), Cu-PDI (5 mol %), TEMPO (10 mol %), 1.0 mL
3 wt % aq. PS-750-M, pH = 8-9 (using Na2CO3), air balloon, white-LED, 45 °C. Yields are
isolated.
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Reaction Scalability
O2N

OH

Cl
3a (1 g, 5.35 mmol)

5 mol % Cu-PDI
10 mol % TEMPO
3 wt % aq. PS-750-M,
pH = 8-9, white-LED,
air, 45 °C, 12 h

O2N

O

Cl
3 (0.94 g, 95%)

Scheme 3.6. Application on Gram Scale Reaction.
To verify the scalability our methodology, reaction scalability was explored on a gram
scale. The oxidation of (3-chloro-4-nitrophenyl) methanol (3a) (5.35 mmol scale) was
performed in the presence of Cu-PDI (5 mol %), TEMPO (10 mol %), under white-LED,
air balloon, and 3 wt % aq. PS-750-M (adjusted to pH = 8-9 using Na2CO3). The reaction
was monitored as complete after stirring for 12 h at 45 °C. Product 3 was obtained as a
white solid in 95% isolated yield (0.94 g). The reaction yield was the same as obtained in
the 0.25 mmol scale reaction (95%), confirming that the reaction can be reproducible at a
large scale without affecting the yield.
Kinetic and Recycle Studies

O2N

OH

5 mol % Cu-PDI
10 mol % TEMPO
1 mL 3 wt % aq. PS-750-M,
pH = 8-9, white-LED,
air, 45 °C, 12 h

Cl
3a

O2N

O

Cl
3

Scheme 3.7. Kinetic and recycle studies.
A. Kinetic Study
To test the catalyst’s recyclability, the recycled catalyst’s reaction rates were compared
with the fresh catalyst. Since the reaction system is fully heterogeneous, the kinetic studies
were performed following the procedure E (page 128). (3-chloro-4-nitrophenyl) methanol
(3a) was selected as the standard for this study. The Cu-PDI catalyst was reused as such
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after each run, and the reaction progress was recorded every 2 h intervals time. The reaction
yields were slightly decreased after each recycles, most likely due to the loss of catalyst
after each cycle (Figure 3.2).
Table 3.7. Kinetic study results
Time

2h

4h

6h

8h

10 h

0th cycle

32%

59%

82%

92%

96%

1st cycle

30%

56%

80%

89%

93%

2nd cycle

28%

54%

77%

88%

91%

Figure 3.2. Kinetic study on the recyclability of catalyst.
B. E Factor and recycles study
To determine the greenness of this protocol, recycle study was performed, and EFactor was calculated. After completion of each cycle, the catalyst was recovered and
reused for the next cycle. The isolated yields for the zeroth to the third cycle were 95%,
94%, 92%, 89%, respectively. The E-Factor for this study was 11.2 (Scheme 3.8), which is
far lower than those typically reported for reaction by the pharmaceutical and fine
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chemicals industries.

Scheme 3.8. E-Factor evaluation.
Effect of light on the reaction outcome
O2N

OH

Cl

5 mol % Cu-PDI
10 mol % TEMPO

O2N

1 mL 3 wt % aq. PS-750-M,
air, 45 °C, 12 h

Cl

3a

O

3

Scheme 3.9. Comparative reaction kinetics under light and dark.
A comparative reaction kinetics study under light and dark were performed to study
the role of light on reaction outcome. For this study, we selected an activated substrate (3chloro-4-nitrophenyl) methanol (3a) as a benchmark substrate under standard conditions.
Two sets of the same reaction condition were run in the presence and absence of light,
respectively. The reaction progress was monitored every 2 h. As depicted in Figure 3.3, the
reaction rate under dark conditions was significantly slower than the reaction rate under
light. Only 12% conversion of 3a to the desired product 3 was observed in the dark after
10 h, while a complete conversion was observed in the presence of visible light. This data
suggest that light has a role in the formation of an active catalyst.
To further probe the effect of light, whether only catalyst activation is required
initially, or continuous light irradiation is needed, ON-OFF experiment was conducted.
Keeping the same reaction as shown in Scheme 3.9, the ON-OFF conditions were
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alternated every 2 h time intervals. The reaction rates in the presence of light were faster
than the reaction rates in the absence of light, indicating that the catalyst is active only in
the presence of light (Figure 3.4).

Figure 3.3. Comparative reaction kinetics under light and dark.

Figure 3.4. On-Off experiment.

115

Multi-step synthesis
O
HO

O
Br

O

Cu-PDI (5 mol %)
TEMPO (10 mol %)
3 wt % PS-750-M in H2O
pH = 8-9, air, white-LED
45 °C, 13 h

O

H
(dppf)PdCl2(2 mol %)
Et3N (1.5 equiv)
H
B(OH)2

O

N

Br

H3CO

(1.0 mmol)

N
(1.2 mmol)

H3CO

30 59%

Scheme 3.10. One-pot oxidation and Suzuki coupling.
Apart from its cope, this technology can also be applied in multi-step synthesis. As
shown in Scheme 3.10, a two-step sequence in one-pot was successfully performed under
aqueous micellar conditions at 45 °C. Starting with the oxidation of (5-bromofuran-2yl)methanol using the optimized conditions as depicted in Table 3.6, 5-bromofuran-2carbaldehyde was obtained as a product. Without isolating oxidized intermediate, the
boronic acid and Pd catalyst were added to the same pot to obtain the Suzuki-Miyuara
coupling product (30) in good yields (59%).
Cu-PDI analysis
To gain more knowledge about the size, shape, and physical properties of Cu-PDI
catalyst, some analyses (SEM and TGA) were performed.
A. SEM and STEM-HAADF analysis of Cu-PDI
The catalyst was prepared following procedure A (page 135) and used as such to
obtain SEM and STEM-HAADF images. The morphology of the samples was
characterized using scanning electron microscopy (SEM) imaging in a Tescan Vega 3 SEM
system. In addition, higher-resolution imaging was performed using a FEI 200 kV filed
emission gun Tecnai F20 transmission electron microscope (TEM), equipped with a
2048´2048 CCD camera (Gatan, Inc) and a high-annular angle dark filed (HAADF)
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detector (E.A. Fischione Instruments, Inc). SEM specimens where prepared by dispersing
sample powders on top of the standard A1 stubs covered with a conductive double-side
carbon tape. Similarly, TEM specimens were prepared by pulverizing these materials and
dispersing pulverized samples onto holey carbon coated TEM coper grids.
The catalyst was seen as micro-rods of ca. 1 micron in diameter and about 10 microns in
length, as shown in Figure 3.5A.

Figure 3.5. A) SEM images of Cu-PDI; B-C) STEM-HAADF images of Cu-PDI.
B. Thermogravimetric (TGA) analysis of Cu-PDI
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Thermogravimetric analysis (TGA) was measured in N2 atmosphere with SDT Q600
V20.9 Build 20 to evaluate the thermal stability of the catalyst. This analysis indicated high
thermal stability of the Cu-PDI catalyst (up to 450 oC)

Figure 3.6. Thermogravimetric analysis (TGA) analysis of Cu-PDI.
Mechanistic study
In order to understand the mechanism of this reaction, some mechanistic studies were
conducted. The first experiment was X-ray photoelectron spectroscopy (XPS) to
characterize the oxidation state of copper catalyst. The Cu-DPI was prepared following
procedure A and analyzed using XPS technique. XPS measurements were conducted
using a VG Scientific MultiLab 3000 ultra-high vacuum surface analysis system, operating
at the base pressure in the 10-9 Torr range and equipped with dual-anode (Mg/Al) X-ray
source and CLAM4 hemispherical electron energy analyzer. For this study, nonmonochromatized Al Ka X-ray beam (hn » 1486.6 eV) was used as the source. XPS
spectra were collected at an electron emission angle of 54.7o relative to the surface normal.
The spectrum confirmed the presence of copper, indicating two different oxidation states.
The major peak observed at the BE of 932.8 eV corresponds to Cu(I), and the minor signal
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at 935.8 eV is due to Cu(II). Due to air and light exposure while transferring the sample to
the XPS system, the Cu(I) is spontaneously converted to Cu(II), however, Cu(I) is still the
dominant copper species in the Cu-PDI catalyst (Figure 3.7).

Figure 3.7. Peak deconvolution high-resolution Cu2p1/2 and 3/2 spectrum.
Next, the computational study was conducted to predict the absorbance of free ligand
as well as Cu-PDI catalyst. Since the Cu-PDI catalyst is insoluble in any acid, base,
organic solvents, and aqueous micelles, it was unable to perform UV-Vis spectroscopy.
Predicted UV-Vis spectra of the free ligand show significant absorbance at 229 and 473
nm, whereas the complex of Cu-PDI shows the merging of the band at 229 nm with the
one at 473 nm, which most likely due to the initial excitation involves 1(π → π*) transition
of PDI follows by the formation of 3MLCT state (MLCT = Metal-to-Ligand Charge
Transfer). Visible-light mediated 3MLCT state could oxidize ligated Cu(I) with molecular
oxygen to apply this material in photo-assisted aerobic oxidation. This result was in
agreement with the experimental results from the effect of light in the formation of an
active catalyst.
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Figure 3.8. Computational studies. A) UV-Vis spectrum of PDI in water at TDDFT/B3LYP/6-31G* level of theory. B) UV-Vis spectrum of PDI-Cu(I)-PDI in water
at TD-DFT/B3LYP/6-31G* level of theory. These studies were conducted by Dr.
Kozlowski and Saurav Parmar.
Based on the results, we proposed the plausible reaction pathway. The first step
involved the electron transferred from HOMO to LUMO at 473 nm by photo-assisted,
followed by the intersystem crossing to generates triplet excited state. The non-pair
electron is then quickly quenched by the molecular oxygen, forming a radical anion of
molecular oxygen (superoxide). A subsequence step is the oxidation of Cu(I) to Cu(II) by
M→L charge transfer. The presence of TEMPO-H in the reaction system generates Cu(II)OH species via H-atom abstraction. Finally, the alcohol is oxidized by Cu(II)-OH to
generates Cu(II)-alkoxide, followed by β-hydrogen elimination to affords aldehyde product
and Cu(I) back for the next cycle.
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Scheme 3.11. Plausible mechanistic pathway.
3.3. Conclusions
We have developed a highly efficient method using a photo-assisted heterogeneous
Cu-PDI system for the selective oxidation of benzylic alcohols to aldehydes under mild
aqueous micellar conditions. Various functional groups are tolerated under these conditions
to afford products in good-to-excellent yields. In most cases, the products were obtained
without column chromatography. The catalyst can be recycled and reused up to three times.
This process can be applied on gram scale reaction and in multi-step synthesis. Low E
Factors and the use of air as an oxidant reveal the greenness of this methodology.
3.4. Experimental Data
I. General Information
Unless otherwise noted, all manipulations were carried out under air in oven-dried 4
mL glass vials containing PTFE-coated magnetic stir bar. Solvent molarity listed in
reaction schemes is relative to the limiting reagent. All experiments were monitored by
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analytical thin-layer chromatography (TLC) and GCMS. Solvents were removed under
vacuum and heated with a water bath at 40 °C. Whenever used for the synthesis of
substrates, columns were packed as a slurry of silica gel in dichloromethane.
Chromatography. TLC plates (UV 254 indicator, aluminum backed, 175–225 µm
thickness, standard grade silica gel, 230–400 mesh) were supplied by Merck; silica gel (60
Å pore size, 230-400 mesh) was purchased from Silicycle.
Solvents. Acetone, ethyl acetate, hexanes, dichloromethane, and HPLC-grade water were
purchased from Fisher Scientific and used without further purification. NMR solvents were
obtained from Cambridge Isotopes Laboratories; Surfactant solutions PS-750-M was
prepared in HPLC-grade water in accordance with the standard procedure (argon purging
is not required in this case).145 TWEEN, Pluronic, SDS, and NOK were supplied by SigmaAldrich; poly(ethylene glycol) methyl ether 750 (MPEG-750-M) was supplied by AlfaAesar.
Reagents.

Tetrakis(acetonitrile)copper(I)

hexafluorophosphate,

4-aminopyridine,

TEMPO, and Perylene diimide were purchased from Strem chemicals, Across, SigmaAldrich, and Alfa Aesar, respectively. Commercially available benzyl alcohols were either
supplied by Sigma-Aldrich or Combi-Blocks Inc. or Oakwood Chemicals.
Instrumentation. When needed, intermediates were purified by flash chromatography
using a Teledyne Isco CombiFlash Rf 150. GCMS data was obtained using a Thermo
Scientific Trace 1300 Gas Chromatograph coupled with a Thermo Scientific ISQ-QD
Single Quadrupole Mass Spectrometer. All NMR spectra were recorded at 23 °C on Varian
MR-400, Varian Unity INOVA 500, and Varian VNMRS 700 spectrometers (400, 500, and
700 MHz, respectively). Reported chemical shifts are referenced to residual solvent peaks.
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All HRMS data were recorded using electrospray ionization (ESI) on a Thermo Electron
MAT 95XP mass spectrometer.
II. Experimental procedures
Procedure A: Synthesis of catalyst
In a 10 mL round-bottomed flask equipped with a magnetic spin bar,
tetrakis(acetonitrile)copper(I) hexafluorophosphate (50 mg, 0.134 mmol), 2,9-di-4pyridinylanthra[2,1,9-def:6,5,10-d’e’f’]diisoquinoline-1,3,8,10(2H,9H)-tetrone (73 mg, 1
equiv.) were added. The round-bottom flask was closed with a rubber septum, the mixture
was evacuated for a minute and back-filled with argon. This process was repeated three
times. Under an argon atmosphere, 2 mL dry DME was added to the reaction mixture.
Rubber septum was wrapped with parafilm. The reaction mixture was stirred for 14 h at 80
°C. Later, the septum was opened, and the precipitate was filtered over a glass frit. The
obtained solid was washed with 10 mL pentane, then dried under vacuum to obtain 150 mg
catalyst 2 as red solid. Anal. Calcd. for C34H16CuF6N4O4P: C, 54.23; H, 2.14; N, 7.44; P,
4.11. Found: C, 54.29; H, 2.20; N, 7.48; P, 4.18.
Procedure B: Synthesis of starting materials
In a 4 mL round bottom flask equipped with PTFE coated magnetic stir bar was
charged with aldehyde (1 mmol). The flask was closed with a rubber septum, and 2 mL
THF was added. The mixture was allowed to stir for 5 minutes. After the complete
dissolution of aldehyde, the mixture was transferred to a 0 °C ice-bath. To this mixture,
solution of NaBH4 (1 mmol) in 1 mL of H2O was added dropwise. (caution: violent and
exothermic reaction, H2 gas will be produced). Progress of the reaction was monitored by
TLC. As reaction completes (indicated by TLC and GCMS), the reaction was diluted by
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adding 1 mL of water. The volatiles were removed under reduced pressure. The remaining
liquid was extracted with 1 mL EtOAc, and the mixture was stirred for a minute at rt.
Stirring was stopped, and the organic layer was allowed to separate from the aqueous layer.
The organic layer was removed by the pipette. A similar extraction procedure was
employed for an additional time using 1 mL EtOAc. Combined organic layer was dried
over anhydrous Na2SO4. Volatiles were removed under reduced pressure to obtain a crude
product, which was further purified by flash column chromatography using
EtOAc/hexanes as eluent.

(3'-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)methanol (32)146
OH
CF3

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.46 (bs, 4H), 7.16 – 7.11 (m, 2H), 6.84
– 6.76 (m, 2H), 4.75 (s, 2H).

(2'-nitro-[1,1'-biphenyl]-4-yl)methanol (33) CAS 159815-76-6
OH

NO2

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
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compound. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.51 (d, J = 8.0 Hz, 1H), 7.43 (d, J = 4.0
Hz, 1H), 7.38 (t, J = 8.0 Hz, 1H), 7.34 – 7.29 (m, 3H), 6.98 – 6.93 (m, 2H), 5.05 (s, 2H),
4.62 (d, J = 4.0 Hz, 2H).

(4-((4-bromobenzyl)oxy)phenyl)methanol (34) CAS 400825-71-0
Br

OH
O

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.51 (d, J = 8.0 Hz, 1H), 7.43 (d, J = 4.0
Hz, 1H), 7.38 (t, J = 8.0 Hz, 1H), 7.34 – 7.29 (m, 3H), 6.98 – 6.93 (m, 2H), 5.05 (s, 2H),
4.62 (d, J = 4.0 Hz, 2H).

(3’-fluoro-1[1,1’-biphenyl]-2-yl)methanol (35) CAS 773872-51-8
OH
F

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound. 1H NMR (500 MHz, CDCl3) δ (ppm) 7.01 (d, J = 10.0 Hz, 1H), 6.88 – 6.81
(m, 3H), 6.73 (d, J = 10.0 Hz, 1H), 6.61 (d, J = 10.0 Hz, 1H), 6.57 – 6.52 (m, 2H), 4.04 (s,
2H).
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5-(p-toly)thiophene-2-yl)methanol (36)147

S

OH

H 3C

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.48 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.0
Hz, 2H), 7.12 (d, J = 4.0 Hz, 1H), 6.96 (d, J = 4.0 Hz, 1H), 4.81 (d, J = 4.0 Hz, 2H), 2.36
(s, 3H).

2-(thiophen-2-yl)phenyl)methanol (37)148
OH

S

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.55 (d, J = 8.0 Hz, 1H), 7.45 (d, J = 8.0
Hz, 1H), 7.40 – 7.32 (m, 3H), 7.18 (d, J = 8.0 Hz, 1H), 7.11 (t, J = 8.0 Hz, 1H), 4.75 (s,
2H).

(6-(phenylethynyl)benzo[d][1,3]dioxol-5-yl)methanol (38)149

O
OH

O
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The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound. 1H NMR (400 MHz, CDCl3) δ (ppm) 7.50 (t, J = 4.0 Hz, 2H), 7.35 (t, J = 4.0
Hz, 3H), 6.96 (s, 2H), 5.98 (s, 2H), 4.82 (s, 2H).
Procedure C: General procedure for catalytic reaction
In a 4.0 mL flame-dried microwave vial containing a PTFE-coated magnetic stir bar,
benzyl alcohol (0.25 mmol), Cu-PDI (0.0125 mmol, 11.4 mg), and TEMPO (10 mol %)
were added. The reaction vial was closed with a rubber septum. The septum was wrapped
with parafilm. 1.0 mL 3 wt % PS-750-M in H2O was adjusted to pH = 8-9 using Na2CO3,
then added to the reaction mixture. The reaction mixture was stirred at 45 °C under whiteLED and air balloon. After complete consumption of benzyl alcohol as monitored by TLC
or GCMS, the reaction mixture was allowed to come to rt. Later, 1.0 mL of EtOAc was
added to the reaction mixture and gently stirred for 2 min at rt. Stirring was stopped, and
the organic layer was allowed to separate. This extraction was repeated one more time with
1 mL of EtOAc. The collected organic layer was passed through a celite bed to remove
traces of TEMPO and surfactant. Solvent was evaporated under reduced pressure to obtain
the pure product.
Procedure D: General procedure for gram-scale reaction
To an oven-dried 50 mL round-bottomed flask containing a PTFE-coated magnetic stir
bar, 3-chloro-4-nitrophenyl methanol (1 g, 5.35 mmol), Cu-PDI catalyst (0.244 g, 0.266
mmol), and TEMPO (83 mg, 0.53 mmol) were added. The reaction vial was closed with a
rubber septum. The rubber septum was wrapped with parafilm. 21 mL 3 wt % solution of
PS-750-M in H2O was adjusted to pH = 8-9 using Na2CO3 and then added to the reaction
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mixture. The reaction mixture was stirred at 45 °C for 12 h under white-LED and air
atmosphere.
After complete consumption of starting material as monitored by TLC and GCMS, stirring
was stopped, and the mixture was allowed to cool to rt. The reaction mixture was diluted
with 5 mL EtOAc, and the mixture was stirred for a minute at rt. Stirring was stopped, and
the organic layer was allowed to separate. The organic layer was withdrawn from the
mixture via syringe. A similar extraction procedure was applied using an additional 5 mL
EtOAc. Combined organic layer was passed through celite pad. The solvent was evaporated
under reduced pressure to obtain a pure white solid with Rf = 0.4 (1:9 EtOAc/hexanes);
yield 95% (0.94 g).
Procedure E: General procedure for kinetic studies
Zeroth cycle: In five reaction vials (label R1, R2, R3, R4, R5), each containing a PTFEcoated magnetic stir bar, (3-chloro-4-nitrophenyl) methanol (94 mg, 0.5 mmol), Cu-PDI
catalyst (22.8 mg, 0.025 mmol), and TEMPO (7.8 mg, 0.05 mmol). The reaction vials were
closed with rubber septum, and the rubber septum was wrapped with parafilm. 1 mL 3 wt
% aq. PS-750-M was adjusted to pH = 8-9 (using Na2CO3), then added to each reaction
mixture. The reaction mixtures were stirred at 45 °C under white-LED irradiation and air
atmosphere.
After 2 h, reaction R1 was stopped and allowed to cool to rt. The reaction was diluted with
1 mL EtOAc containing mesitylene (0.1 equiv.). The mixture was passed through celite
pad, and the organic layer was analyzed by GCMS.
Following the same protocol, reaction mixtures of R2, R3, R4, R5 were analyzed after 4 h,
6 h, 8 h, 10 h, respectively.
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Figure 3.9. Plan for kinetic studies.
First recycle: In separate five reactions set (R6, R7, R8, R9, R10), each containing a
PTFE-coated magnetic stir bar, (3-chloro-4-nitrophenyl) methanol (94 mg, 0.5 mmol), CuPDI catalyst (22.8 mg, 0.025 mmol), and TEMPO (7.8 mg, 0.05 mmol). The reaction vials
were closed with rubber septum, and the rubber septum was wrapped with parafilm. 1 mL
3 wt % solution of PS-750-M in H2O was adjusted to pH = 8-9 (using Na2CO3), then added
to each reaction mixture. The reaction mixtures were kept for 12 h at 45 °C under whiteLED irradiation and air atmosphere. Later, the mixture was treated with 0.5 mL EtOAc,
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which was then stirred for 2 minutes at rt. Stirring was stopped, and the organic layer was
allowed to separate. The organic layer was removed using a syringe. This extraction
procedure was repeated one more time with 0.5 mL of EtOAc. The aqueous solution was
centrifuged for 3 minutes, then only the solution portion was removed using syringe. The
catalyst was retained for 1st recycle. To the vial containing catalyst, (3-chloro-4nitrophenyl) methanol (94 mg, 0.5 mmol) and TEMPO (7.8 mg, 0.05 mmol) were added.
The reaction vials were closed with rubber septum, and the rubber septum was wrapped
with parafilm. 1 mL fresh 3 wt % solution of PS-750-M in H2O was adjusted to pH = 8-9
(using Na2CO3) and added to the reaction mixture. The reaction mixtures were stirred at
45 °C under white-LED irradiation and air atmosphere.
After 2 h, reaction R6′ was stopped and allowed to cool to rt. Reaction mixture was diluted
with 1 mL EtOAc containing mesitylene (0.1 equiv.). The mixture was passed through a
celite pad, and obtained organic layer was analyzed using GCMS.
Following the same protocol, reaction mixtures of R7′, R8′, R9′, R10′ were analyzed after 4
h, 6 h, 8 h, 10 h of reaction, respectively.
Second recycle: In separate similar five reactions set (R11, R12, R13, R14, R15), each
containing a PTFE-coated magnetic stir bar, (3-chloro-4-nitrophenyl) methanol (94 mg, 0.5
mmol), Cu-PDI catalyst (22.8 mg, 0.025 mmol), and TEMPO (7.8 mg, 0.05 mmol). The
reaction vials were closed with rubber septum, and the rubber septum was wrapped with
parafilm. 1 mL 3 wt % solution of PS-750-M in H2O was adjusted to pH = 8-9 (using
Na2CO3), then added to each reaction mixture. The reaction mixtures were kept for 12 h at
45 °C under white-LED irradiation and air atmosphere. Later, the mixture was treated with
0.5 mL EtOAc, which was then stirred for 2 minutes at rt. Stirring was stopped, and the
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organic layer was allowed to separate. The organic layer was removed using a syringe. This
extraction procedure was repeated one more time with 0.5 mL of EtOAc. The aqueous
solution was centrifuged for 3 minutes, then only the solution portion was removed using
syringe. The catalyst was retained for 1st recycle. To the vial containing catalyst, (3-chloro4-nitrophenyl) methanol (94 mg, 0.5 mmol) and TEMPO (7.8 mg, 0.05 mmol) were added.
The reaction vials were closed with rubber septum, and the rubber septum was wrapped
with parafilm. 1 mL fresh 3 wt % solution of PS-750-M in H2O was adjusted to pH = 8-9
(using Na2CO3) and added to the reaction mixture. The reaction mixtures were stirred at
45 °C under white-LED irradiation and air atmosphere. After 12 h, the mixtures were
treated with 0.5 mL of EtOAc, which were then stirred for 2 minutes at rt. Stirring was
stopped, and the organic layer was allowed to separate. The organic layer was removed
using a syringe. This extraction procedure was repeated one more time with 0.5 mL of
EtOAc. The aqueous solution was centrifuged for 3 minutes, then only the solution portion
was removed using syringe. The catalyst was retained for 2nd recycle. To the vial containing
catalyst, (3-chloro-4-nitrophenyl) methanol (94 mg, 0.5 mmol) and TEMPO (7.8 mg, 0.05
mmol) were added. The reaction vials were closed with rubber septum, and the rubber
septum was wrapped with parafilm. 1 mL of fresh 3 wt % solution of PS-750-M in H2O
was adjusted to pH = 8-9 (using Na2CO3), then added to the reaction mixture. The reaction
mixtures were stirred at 45 °C, white-LED under the air atmosphere.
After 2 h, reaction R11′′ was stopped and allowed to cool to rt. The reaction was diluted
with 1 mL EtOAc containing mesitylene as an internal standard (0.1 equiv.) The mixture
was passed through a silica pad, and the organic layer was analyzed using GCMS.
Following the same protocol above, reaction mixtures of R12′′, R13′′, R14′′, R15′′ were
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analyzed after 4 h, 6 h, 8 h, 10 h of reaction, respectively.
Procedure F: Recycles studies
Zeroth cycle: In an oven-dried 4 mL round-bottomed flask containing a PTFE-coated
magnetic stir bar, (3-chloro-4-nitrophenyl) methanol (94 mg, 0.5 mmol), Cu-PDI catalyst
(0.025 mmol, 22.8 mg), TEMPO (7.8 mg, 0.05 mmol) were added. The reaction vial was
closed with a rubber septum. Rubber septum was wrapped with parafilm. 1 mL 3 wt %
solution of PS-750-M in H2O was adjusted to pH = 8-9 (using Na2CO3) and then added to
the reaction mixture. The reaction mixture was stirred at 45 °C for 12 h under the air
atmosphere and white-LED.
After complete consumption of starting material as monitored by TLC and GCMS, stirring
was stopped, and the mixture was allowed to cool to room temperature. The reaction
mixture was diluted with 0.5 mL EtOAc, and the mixture was stirred for a minute at rt.
Stirring was stopped, and the organic layer was allowed to separate. The organic layer was
withdrawn from the mixture via syringe. A similar extraction procedure was obtained using
an additional 0.5 mL of EtOAc. Combined organic layers were passed through celite pad.
Solvent was evaporated under reduced pressure to obtain a pure white solid, Rf = 0.4 (1:9
EtOAc:Hexanes); yield 95% (88 mg). The aqueous solution was centrifuged for 3 minutes,
then only the solution portion was removed using syringe. The catalyst was retained for the
next cycle.
First recycle: To the vial containing catalyst obtained from above reaction, (3-chloro4-nitrophenyl) methanol (94 mg, 0.5 mmol), and TEMPO (7.8 mg, 0.05 mmol) were added.
The reaction vial was closed with a septum. The rubber septum was wrapped with parafilm.
1 mL fresh 3 wt % solution of PS-750-M in H2O was adjusted to pH = 8-9 (using Na2CO3)
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and then added to the reaction mixture. The mixture was stirred at 45 °C for 12 h under
white-LED and air atmosphere. After reaction completion as monitored by GCMS, a
similar extraction procedure was performed as in the zeroth cycle. Yield 94% (87 mg).
Second and third recycle: For the 2nd, 3rd recycle, a similar procedure was used as
described above. Yields of 92% (85 mg), 89% (82 mg), respectively.
Procedure G: Comparative reaction kinetics under light and dark
In twelve separate 4.0 mL flame-dried microwave vials containing a PTFE-coated
magnetic stir bar, (4-chloro-3-nitrophenyl)methanol (0.25 mmol), Cu-PDI (0.0125 mmol,
11.4 mg), and TEMPO (10 mol %). The reaction vials were closed with a rubber septum,
and the rubber septum was wrapped with parafilm. 1.0 mL 3 wt % PS-750-M in H2O was
added to each reaction vial. The first six reactions mixture were stirred at 45 °C under
white-LED and air balloon. Every 2 h, the reaction progress was monitored using GC-MS
by adding 1.0 equiv. of mesitylene as an internal standard. The other six reactions mixture
were stirred at 45 °C under dark and air balloon. Every 2 h, the reaction progress was
monitored using GC-MS by adding 1.0 equiv. of mesitylene as an internal standard.
Procedure H: Effect of light-on/off experiment
In six separate 4.0 mL flame-dried microwave vials containing a PTFE-coated
magnetic stir bar, (4-chloro-3-nitrophenyl)methanol (0.25 mmol), Cu-PDI (0.0125 mmol,
11.4 mg), and TEMPO (10 mol %). The reaction vials were closed with a rubber septum,
and the rubber septum was wrapped with parafilm. 1.0 mL 3 wt % PS-750-M in H2O was
adjusted to pH = 8-9 using Na2CO3, then was added to each reaction vial. The reaction
mixture was stirred at 45 °C under white-LED and air balloon. Each 2 hours the reaction
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progress was monitored using GC-MS by adding 1.0 equiv. of mesitylene as an internal
standard. The dark-light conditions were alternated in every 2 h time intervals.
Procedure I: Multi-step synthesis
In a 4.0 mL flame-dried microwave vial containing a PTFE-coated magnetic stir bar,
alcohol (5-bromofuran-2-yl)methanol (175 mg, 1.0 mmol), Cu-PDI (45.6 mg, 0.05 mmol),
and TEMPO (15.6 mg, 10 mol %). The reaction vial was closed with a rubber septum, and
the rubber septum was wrapped with parafilm. Later, 4.0 mL 3 wt % aq. PS-750-M (pH
adjusted to 8-9) was added. The mixture was stirred at 45 °C under white-LED and air.
After complete consumption of benzyl alcohol as monitored by TLC and GCMS, the
reaction mixture was removed from the white–LED chamber and allowed to come to rt.
Later, the air balloon was removed, and the reaction medium was purged with argon for 20
minutes. Then, under the positive argon pressure, (dppf)PdCl2 (16 mg, 0.02 mmol), (6methoxypyridin-3-yl)boronic acid (184 mg, 1.2 mmol) and K3PO4•H2O (690 mg, 3 mmol)
was added to the vial. The reaction vial was closed with a rubber septum, and the rubber
septum was wrapped with parafilm. Then, the mixture was stirred at 45 °C for 24 h under
an inert atmosphere. After complete consumption of boronic acid as determined by TLC
analysis, 1.0 mL ethyl acetate was added to the reaction mixture, and the mixture was
gently stirred for 2 min. Stirring was stopped, and the organic layer was allowed to separate.
The organic layer was separated using 1 mL syringe. This extraction procedure was
repeated using an additional 1.0 mL EtOAc. Combined extracts were dried over Na2SO4,
and volatiles were evaporated under reduced pressure at room temperature to obtain the
crude product, which was further purified by flash chromatography over silica gel using
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hexanes/ethyl acetate (1:4), Rf = 0.23 as eluent to get the product as white solid 119 mg,
(59%).
Procedure J: Computational outline
A structural model of the ligand perylene diimide (PDI) was built and optimized with
DFT employing B3LYP functional and 6-31G* basis set. Then, the optimized structure of
PDI was attached to both ends of a Cu(I) atom to build another structural model which
better represented photoactive Cu(I). The new structural model, PDI-Cu(I)-PDI was again
optimized with DFT at the level of B3LYP/TZVP level of theory. Finally, excited state
calculations were carried out with time-dependent DFT (TD-DFT) on the equilibrium
structures of both the molecules–PDI and PDI-Cu(I)-PDI employing B3LYP/6-31G* level
of theory. All the calculations incorporated empirical dispersion correction through BeckeJohnson damping (D3BJ).150 In addition, Conductor-like Polarizable Continuum Model
(CPCM) was employed to simulate the solvent effect of water, as was used in experimental
studies. The UV-Vis spectra were plotted for both the molecules for analysis. In addition
frontier orbitals for optimized structure of PDI-Cu(I)-PDI has been shown in relevant
figure. All the calculations reported in this work was performed using the ORCA
software.151
III. Supplementary information
Hot extraction test:
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(i) hot toluene
(65 oC)
(ii) stir
(65 oC, 2 h)

biphasic
hot solution
phase
separation

2
(in aq. PS-750-M
or in toluene only)

O2N

OH

Cl
5

hot toluene
10 mol % TEMPO
1 mL 3 wt % aq. PS-750-M
white-LED, air, 45 °C, 12 h
pH = 8-9

no conversion

Scheme 3.12. Hot extraction test.
Procudure: In an oven-dried 10 mL reaction vial containing magnetic stir bar, 11 mg
of catalyst 2 was added to 1 mL of PS-750-M in H2O. The reaction vial was closed with
septum and was heated to 65 °C for 2 h. Later, 1 mL of hot toluene was added to the aqueous
solution of catalyst 2. The mixture was heated for another 2 h at 65°C. The stirring was
stoped and hot toluene layer was separated from aqueous layer. The organic layer was then
tranferred to another reaction vial. (3-chloro-4-nitrophenyl) methanol (47 mg, 0.25 mmol),
TEMPO (3.9 mg, 0.025 mmol), Na2CO3 (26 mg, 0.05 mmol) were added to the reaction
vial which containing organic layer. The reaction vial was closed with a rubber septum and
wrapped with parafilm. The reaction mixture was stirred at 45 °C, white-LED under the air
atmosphere for 12 h. The mixture was passed through a celite pad and analyzed using
GCMS.
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Optimization of globbal concentrationsa
Table 3.8. Global reaction concentrationsa
O
OH Cu-PDI (5 mol %), TEMPO (5 mol %)

H

3 wt % PS-750-M in H2O, pH = 4-5,
O2N
white-LED, air, 45 °C, 24 h

O2N
2, 0.25 mmol

3

entry

concentration (M)

3 (% yield)b

1

0.25

65

2

0.5

60

3

1

58

4

0.25

98(96)c,d

a

Conditions: 4-nitrobenzylalcohol (39 mg, 0.25 mmol), Cu-PDI (11.4 mg, 0.0125 mmol),
TEMPO (1.9 mg, 0.0125 mmol), white-LED, 0.25 – 1.0 mL 3 wt % aq. PS-750-M, air
balloon, 45 °C, 24 h; bconversions based on GCMS with mesitylene (1.0 equiv.) as internal
standard; c10 mol % TEMPO instead of 5 mol %, reaction medium’s pH adjusted to 8-9
(using Na2CO3) and reaction ran for 12 h. disolated yield.
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Optimization of reaction temperaturea
Table 3.9. Reaction temperaturea
O
OH Cu-PDI (5 mol %), TEMPO (5 mol %)

H

1 mL 3 wt % PS-750-M in H2O
pH = 4-5, white-LED, air, 25 - 65°C, 24 h O2N

O2N
2, 0.25 mmol

3

entry

temperature (°C)

3 (% yield)b

1

25

7

2

45

65

3

45

98c

4

65

68

a

Conditions: 4-nitrobenzylalcohol (39 mg, 0.25 mmol), Cu-PDI (11.4 mg, 0.0125 mmol),
TEMPO (1.9 mg, 0.0125 mmol), white-LED, 1.0 mL 3 wt % aq. PS-750-M, air balloon,
45 °C, 24 h; bconversions based on GCMS with mesitylene (1.0 equiv.) as internal standard;
c
10 mol % TEMPO instead of 5 mol %, reaction medium’s pH adjusted to 8-9 (using
Na2CO3) and reaction ran for 12 h, conversions based on GCMS with mesitylene (1.0
equiv.) as internal standard.
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Optimized orbitals and their energies of PDI-Cu(I)-PDI in water at DFT/B3LYP/TZVP
level of theory

Figure 3.10. Optimized orbitals and their energies of PDI-Cu(I)-PDI in water at
DFT/B3LYP/TZVP level of theory.
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UV-Vis spectroscopic study of solid catalyst:

Figure 3.11. Tauc plot of Cu-PDI for optical bandgap calculations.
The optical band gap, Eg, was estimating from UV-vis diffuse reflectance
spectroscopy. The diffuse reflectance spectrum of the sample was measured using a Perkin
Elmer Lambda 950 UV-Vis spectrophotometer, equipped with an integrated sphere. For the
measurement, a uniform layer of the powder was prepared by uniformly dispersing the
powder on a standard microscopic glass slide covered with a double-sided carbon
tape. The reflectance spectrum was measured in the 200-800 nm range and afterwards it
was converted to a Tauc plot using the Tauc method. In this method, the measured UV-vis
reflectance spectrum is transformed into a modified Kubelka-Munk function, plotted as a
function of the photon's energy (i.e., hn, where h is the Planck constant and n is the photon's
frequency) and the Eg value is estimated from the linear extrapolation of the slope to zero
(Figure 3.11). For the indirect inter-band transition, the modified Kubelka-Munk function
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has a form of (F(R)*hn)2, where R is the reflectance and the F(R) = (1-R)2/2R, a KubelkaMunk function, is proportional to the extinction coefficient of the material.

Figure 3.12. Sample for UV-Vis analysis.
Comparison with State-of-the-Art Catalyst
R
O

TiO2-AA-Cu

desired +
product

+ unidentified
byproduct

H

R

O

R

OH

(PDI—Cu—PDI)n

H
O
desired product

Conditions. substrate (1 mmol), catalyst (5 mol %), TEMPO (10 mol %), white
-LED, 1.0 mL 3 wt % aq. PS-750-M, pH = 8-9 (using Na2CO3), air, 45 °C.

O

Si

N

O

H

O
O
catalyst
(PDI—Cu—PDI)n

TiO2-AA-Cu

O

29
92%

31
94%

12%

7%

Figure 3.13. Comparison with State-of-the-Art Catalyst.
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H

TiO2-AA-Cu catalyst was prepared as per the literature procedure. References:
Pourmorteza, N.; Jafarpour, M.; Feizpour, F.; Rezaeifard, A. Cu(II) Vitamin C Tunes
Photocatalytic Activity of TiO2 Nanoparticles for Visible Light-Driven Aerobic Oxidation
of Benzylic Alcohols. RSC Adv. 2020, 10, 12053–12059.
Application on 100 grams-scale reaction
Si

N

O

OH

5 mol % Cu-PDI
10 mol % TEMPO

Si

N

O

3 wt % aq. PS-750-M,
pH = 8-9, white-LED,
air, 45 °C, 12 h

31a

O

H

31

Scheme 3.13. Multi gram-scale reaction.
To an oven-dried 1 L round-bottomed flask containing a PTFE-coated magnetic stir
bar, alcohol 31a (100 g, 272 mmol), the catalyst Cu-PDI (1.36 mmol), TEMPO (2.72
mmol) were added. The reaction flask was closed with a rubber septum. Rubber septum
was wrapped with parafilm. 500 mL 3 wt % solution of PS-750-M in H2O was adjusted to
pH = 8-9 using Na2CO3 and then added to the reaction mixture. The reaction mixture was
stirred at 45 °C under white-LED irradiation and air atmosphere for 12 h.
After complete consumption of starting material as monitored by TLC and GCMS, stirring
was stopped and the mixture was allowed to cool to rt. The reaction mixture was filtered
through frit. The aqueous layer was extracted with 200 mL EtOAc and organic layer was
collected and dried over anhydrous sodium sulfate. The organic layer was passed through
celite and collected volatiles were evaporated to obtain pure compound. Pure product was
obtained as viscous oil; yield 94% (93.5 g).
IV. Compound characterization
4-nitrobenzaldehyde (2)152
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O
H
O2N

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as light-yellow solid, yield 35 mg (96%). Rf = 0.45 (1:9
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 10.16 (s, 1H), 8.4 (d, J = 8.0 Hz,
2H), 8.08 (d, J = 8.0 Hz, 2H).

4-chloro-3-nitrobenzaldehyde (3)153
O

O2N

H

Cl

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as light-yellow solid, yield 44 mg (95%). Rf = 0.4 (1:9
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 10.05 (s, 1H), 8.36 (d, J = 4.0
Hz,1H), 8.04 (d, J = 8.0 Hz, 1H), 7.76 (d, J = 8.0 Hz, 1H).
4-bromobenzaldehyde (4)154
O
H

Br

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as white solid, yield 38 mg (78%). Rf = 0.40 (1:19
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 10.0 (s, 1H), 7.75 (d, J = 8.0 Hz,
2H), 7.69 (d, J = 8.0 Hz, 2H).
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4-chlorobenzaldehyde (5)152
O
H

Cl

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as white semi-solid, yield 32 mg (90 %). Rf = 0.34 (1:19
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 9.98 (s, 1H), 7.83 (d, J = 8.0 Hz,
2H), 7.52 (d, J = 8.0 Hz, 2H).

4-iodobenzaldehyde (6)155
O
H

I

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as yellow solid, yield 50 mg (86%). Rf = 0.35 (1:19
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 9.94 (s, 1H), 7.90 (d, J = 8.0 Hz,
2H), 7.57 (d, J = 8.0 Hz, 2H).

4-(tert-butyl)benzaldehyde (7)156
O
H

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as a colorless oil, yield 37.7 mg (93%). Rf = 0.45 (1:19
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 10.02 (s, 1H), 7.85 (d, J = 8.0 Hz,
2H), 7.01 (d, J = 8.0 Hz, 2H), 1.40 (s, 9H).
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4-ethylbenzaldehyde (8)156
O
H

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as colorless oil, yield 30.2 mg (90%). Rf = 0.45 (1:19
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 9.98 (s, 1H), 7.81 (d, J = 8.0 Hz,
2H), 7.37 (d, J = 8.0 Hz, 2H), 2.73 (t, J = 8.0 Hz, 2H), 1.30 – 1.27 (m, 3H).

4-methoxybenzaldehyde (9)156
O
H

O

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as yellow oil, yield 32 mg (94%). Rf = 0.26 (1:19 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 9.89 (s, 1H), 7.82 (d, J = 8.0 Hz, 2H), 7.01 (d, J =

8.0 Hz, 2H), 3.90 (s, 3H).

3,5-bis(trifluoromethyl)benzaldehyde (10)157
O

F3C

H

CF3

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as a colorless oil, yield 55 mg (92%). Rf = 0.32 (1:19
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EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 10.16 (s, 1H), 8.37 (s, 2H), 8.16
(s, 1H).

3-chlorobenzaldehyde (11)156

O

Cl

H

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as light-yellow oil, yield 29.5 mg (84%). Rf = 0.33 (1:19
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 9.99 (s, 1H), 7.87 (s,1H), 7.78 (d,
J = 8.0 Hz, 1H), 7.62 (d, J = 8.0 Hz, 1H), 7.50 (t, J = 8.0 Hz, 1H).

3-nitrobenzaldehyde (12)152
O
H

NO2

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as white solid, yield 29 mg (77%). Rf = 0.45 (1:9 EtOAc/hexanes).
1

H NMR (500 MHz, CDCl3) δ (ppm) 10.13 (s, 1H), 8.73 (s, 1H), 8.72 – 8.49 (m, 1H), 8.24

(d, J = 10.0 Hz, 1H), 7.79 – 7.76 (m, 1H).

4-(trifluoromethoxy)benzaldehyde (13)158
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O

F3CO

H

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as light-yellow oil, yield 48 mg (91%). Rf = 0.45 (1:9
EtOAc/hexanes). 1H NMR (500 MHz, CDCl3) δ (ppm) 10.05 (s, 1H), 7.86 (d, J = 10.0
Hz, 1H), 7.76 (s, 1H), 7.64 – 7.61 (m, 1H), 7.51 (d, J = 5.0 Hz, 1H).

4-(dimethylamino)benzaldehyde (14)158
O
H
N

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as white solid, yield 52 mg (95%). Rf = 0.5 (1:4 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 9.74 (s, 1H), 7.74 (d, J = 8.0 Hz, 2H), 6.71 (d, J =

8.0 Hz), 3.09 (s, 6H).

3’-fluoro-[1,1’-biphenyl]-2-carbaldehyde (15) 159
O
H
F

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as brown oil, yield 49 mg (98%). Rf = 0.41 (1:19 EtOAc/hexanes).
1

H NMR (500 MHz, CDCl3) δ (ppm) 9.99 (s, 1H), 8.03 (d, J = 5.0 Hz, 1H), 7.67 – 7.64

(m, 1H), 7.54 – 7.51 (m, 1H), 7.46 – 7.42 (m, 2H), 7.17 – 7.11 (m, 3H).
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4-((4-bromobenzyl)oxy)benzaldehyde (16)160
Br
O
H
O

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as white solid, yield 69 mg (95%). Rf = 0.4 (1:9 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 9.89 (s, 1H), 7.84 (d, J = 8.0 Hz, 2H), 7.53 (d, J =

8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.06 (d, J = 8.0 Hz, 2H), 5.10 (s, 2H).
2-(2-chloropyridine-3-yl)benzaldehyde (17)161
O
H

Cl

N

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as brown oil, yield 46 mg (85%). Rf = 0.2 (1:4 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 9.82 (s, 1H), 8.44 (d, J = 4.0 Hz, 1H), 7.80 (d, J =

8.0 Hz, 1H), 7.66 (t, J = 8.0 Hz, 2H), 7.57 (t, J = 8.0 Hz, 1H), 7.35 – 7.33 (m, 1H), 7.29 (d,
J = 4.0 Hz, 1H).
5-(p-toly)thiophene-2-carbaldehyde (18)162
O
S

H

H 3C

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as yellow solid, yield 47 mg (93%). Rf = 0.3 (1:9 EtOAc/hexanes).
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1

H NMR (400 MHz, CDCl3) δ (ppm) 9.91 (s, 1H), 7.75 (d, J = 4.0 Hz, 1H), 7.60 (d, J =

8.0 Hz, 2H), 7.39 (d, J = 4.0 Hz, 1H), 7.28 (m, 2H), 2.42 (s, 3H).
2-(thiophen-2-yl)benzaldehyde (19)163
O
H

S

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as yellow oil, yield 36 mg (77%). Rf = 0.3 (1:9 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 10.18 (s, 1H), 8.00 (dd, J = 8.0, 4.0 Hz, 1H), 7. 60

– 7.55 (m, 1H), 7.50 – 7.53 (m, 1H), 7.46 – 7.45 (m, 2H), 7.14 (dd, J = 8.0, 4.0 Hz, 1H),
7.06 (d, J = 4.0 Hz, 1H).

3'-(trifluoromethyl)-[1,1'-biphenyl]-2-carbaldehyde (20)159
O
H
CF3

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as brown oil, yield 59 mg (94%). Rf = 0.3 (1:19 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 9.95 (s, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.73 – 7.66

(m, 3H), 7.63 – 7.54 (m, 3H), 7.44 (d, J = 8.0 Hz, 1H).
1H-indole-5-carbaldehyde (21) 158
O
H
N
H
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The titled compound was obtained according to the general procedure C. The desired
compound was obtained as brown oil, yield 30 mg (84%). Rf = 0.3 (1:4 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 10.05 (s, 1H), 8.75 (s, 1H), 8.20 (s, 1H), 7.79 (d, J

= 8.0 Hz, 1H), 7.49 (d, J = 8.0 Hz, 1H), 7.33 (s, 1H), 6.72 (s, 1H).

6-bromopyridine-2-carbaldehyde (22)164
O
Br

N

H

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as white solid, yield 37 mg (81%). Rf = 0.4 (1:9 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 10.00 (s, 1H), 7.93 (d, J = 4.0 Hz, 1H), 7.76 – 7.74

(m, 2H).

5-bromofuran-2-carbaldehyde (23)165
O
H
O
Br

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as brown solid, yield 37 mg (85%). Rf = 0.4 (1:9 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 9.53 (s, 1H), 7.18 (d, J = 4.0 Hz, 1H), 6.56 (d, J =

4.0 Hz, 1H).

3-hydroxybenzaldehyde (24)166
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O
H

OH

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as white solid, yield 21 mg (70%). Rf = 0.3 (1:4 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 9.96 (s, 1H), 7.46 – 7.43 (m, 2H), 7.34 (s, 1H), 7.16

– 7.07 (m, 1H), 5.12 (s, 1H).
4-bromothiophene-2-carbaldehyde (25)167
O
H

Br
S

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as brown solid, yield 39 mg (82%). Rf = 0.4 (1:9 EtOAc/hexanes).
1

H NMR (500 MHz, CDCl3) δ 9.88 (s, 1H), 7.68 (s, 1H), 7.64 (s, 1H).

4-((3,5-bis(trifluoromethyl)benzyl)oxy)benzaldehyde (26)
F3C

CF3

O
H

O

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as white solid, mp = 83-85 °C, yield 83 mg (95%). Rf = 0.3 (1:9
EtOAc/hexanes). 1H NMR (400 MHz, δ (ppm) 9.92 (s, 1H), 7.92 – 7.88 (m, 5H), 7.11 (d,
J = 8.0 Hz, 2H), 5.25 (s, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm) 190.8, 163, 138.8,
132.5, 132.3, 131, 129.2 (q, J = 34.2 Hz), 123.1 (q, J = 271.9 Hz), 115.2, 68.8. 19F NMR
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(376 Hz, CDCl3) -62.43. HRMS (EI) [C16H10F6O2 + H+] calcd = 349.0658, found m/z =
349.0659.

2'-nitro-[1,1'-biphenyl]-4-carbaldehyde (27)168
O
H

NO2

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as light-brown solid, yield 52 mg (92%). Rf = 0.32 (1:9
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ (ppm) 10.07 (s, 1H), 7.97 – 7.94 (m, 3H),
7.68 (t, J = 8.0 Hz, 1H), 7.58 – 7.55 (m, 1H), 7.50 – 7.44 (m, 3H).

2-chloro-4-((3-hydroxyphenyl)thio)benzaldehyde (28)169
OH

O
H
S

Cl

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as white solid, yield 62 mg (94%). Rf = 0.3 (1:4 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 9.70 (s, 1H), 7.12 (d, J = 8.0 Hz, 1H), 6.67 (t, J =

8.0 Hz, 1H), 6.49 – 6.39 (m, 4H), 6.31 (d, J = 8.0 Hz, 1H), 5.12 (s, 1H).

6-(phenylethynyl)benzo[d][1,3]dioxole-5-carbaldehyde (29) 170

152

O
H

O
O

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as brown oil, yield 50.6 mg (81%). Rf = 0.35 (1:9 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 10.48 (s, 1H), 7.53 (dd, J = 8.0, 4.0 Hz, 2H), 7.37 –

7.35 (m, 4H), 7.01 (s, 1H), 6.07 (s, 2H).

5-(6-methoxypyridin-3-yl)furan-2-carbaldehyde (30)171
O
H
O

N
H3CO

The titled compound was obtained according to the general procedure I. The desired
compound was obtained as yellow oil, yield 119 mg (59%). Rf = 0.4 (1:4 EtOAc/hexanes).
1

H NMR (400 MHz, CDCl3) δ (ppm) 9.62 (s, 1H), 8.61 (s, 1H), 7.97 (dd, J = 8.0, 4.0 Hz,

1H), 7.30 (d, J = 4.0 Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H), 6.75 (d, J = 4.0 Hz, 1H), 3.97 (s,
3H).

4-(3-(4-((tert-butyldimethylsilyl)oxy)but-1-yn-1-yl)phenyl)nicotinaldehyde (31)172

153

Si

N

O

O

H

The titled compound was obtained according to the general procedure C. The desired
compound was obtained as viscous oil, yield 343 mg (94%), Rf = 0.52 (3:7,
EtOAc/hexanes). 1H NMR (400 MHz, CDCl3) δ 1H NMR (400 MHz, CDCl3) δ 10.06 (s,
1H), 9.14 (s, 1H), 8.80 (d, J = 5.1 Hz, 1H), 7.52 (dt, J = 7.9, 1.4 Hz, 1H), 7.46 – 7.40 (m,
2H), 7.38 – 7.34 (m, 1H), 7.29 (dt, J = 7.9, 1.5 Hz, 1H), 3.82 (t, J = 7.0 Hz, 2H), 2.63 (t, J
= 7.0 Hz, 2H), 0.90 (s, 9H), 0.09 (s, 6H).
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FAST AND HIGHLY SELECTIVE SUZUKI-MIYAURA CROSS-COUPLINGS TO
ACCESS FUNCTIONALIZED STYRENES IN AQUEOUS MICELLES
4.1. Background and introduction
The transition-metal-catalyzed cross-couplings, namely Suzuki-Miyaura, Stille, Heck,
Negishi, Kumada, and Sonogashira reactions, are the most powerful tools for C-C bond
formation in both academia and pharmaceutical industries (Figure 4.1).173-176 Among all,
the Suzuki-Miyaura (SM) coupling has gained most attention and became the second most
utilized reaction in drug discovery and development over the last decade.177 The first
palladium-catalyzed SM cross-coupling of aryl halide and aryl boronic acid was reported
by Akira Suzuki in 1979 (Scheme 4.1). Later in 2010, Akira Suzuki, Ei-ichi Negishi, and
Richard Heck were awarded the Nobel Prize in Chemistry for their contribution in
discovering highly valuable methodologies for C-C bond construction.178
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Figure 4.1. Growth in the number of publications on named metal-catalyzed crosscoupling reactions. Taken from Victor Snieckus, et al.178

X
R

HO

OH
B

Pd(PPh3)4

R

Na2CO3
benzene, reflux

Scheme 4.1. The first report on Suzuki-Miyaura cross-coupling.
The advantages of palladium-catalyzed SM cross-coupling over other cross-couplings
are: (i) mild reaction conditions; (ii) applicable on a variety of organoboron reagents; (iii)
tolerant toward various functional groups; (iv) ability to form C-C bonds between
heteroaromatic/heterocyclic coupling partners, which are prevalent components of many
drugs and agrochemicals. These features allowed researchers to utilize this transformation
in various applications for natural products (Scheme 4.2), polymers (Scheme 4.3), and drug
synthesis (Scheme 4.4).
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SMe
intervenolin
Watanabe and Shibasaki, 2013
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MeS

anibamine
Zhang, 2011

4-O-methylhonokiol
Kwak and Jung, 2011

Scheme 4.2. Representative examples of natural products synthesized using SM
couplings.
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Scheme 4.3. Representative examples of polymers synthesized using SM couplings.
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Scheme 4.4. Representative examples of drugs molecules involving SM coupling to
form C-C bonds.
Mechanistically, the SM cross-coupling is very similar to the other palladiumcatalyzed cross-couplings. The catalytic cycle starts with the generation of Pd(0) from
Pd(II), followed by three distinct steps: oxidative addition, transmetallation, and reductive
elimination (Scheme 4.5).179 Over the last few decades, extensive studies essentially
focused on the design of new catalysts, ligands, and boron derivatives to upgrade the
efficiency of the catalytic systems. Also, to avoid the usage of toxic organic solvents, many
methods were developed to achieve this transformation sustainably in aqueous media.180182
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-OH
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R2 B(OH)2
Transmetallation

X- HO B(OH)2

Scheme 4.5. The catalytic cycle of the Suzuki-Miyaura coupling.
Undoubtedly, the SM cross-coupling reaction is one of the most powerful methods for
selective C-C bond forming in the synthesis of biaryl molecules. However, its application
for the preparation of functionalized biaryl styrenes has been rarely reported.183,184
Generally, under the same condition for SM cross-coupling reaction, the vinylic moiety
can participate in the Heck coupling reaction to generate unwanted polymeric and other
byproducts.185 Therefore, the achievement of selective SM cross-coupling for substrates
containing styrene derivatives is challenging.
Functionalized styrenes are essential building blocks for polymer industry and fine
chemicals synthesis.186 In manufacturing, styrene is mainly used as homopolymers and
copolymers, including polystyrene (PS), expandable polystyrene (EPS), acrylonitrilebutadiene-styrene (ABS) resins, styrene-acrylonitrile (SAN), acrylonitrile-styrene-acrylate
(ASA). These polymers are widely applied in the preparation of food packaging,
construction, electrical, domestic appliances, home furnishing, toys, and sporting goods. In
organic synthesis, styrene derivatives are involved in many valuable transformations such
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as olefin metathesis,187 Heck-type reactions,188 oxidation,189 and various reaction pathways
involving polymerization.190,191 Notably, Heck reaction enables access to intermediates for
drug synthons (Scheme 4.6).
Br
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COOH
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O
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Naproxen synthesis by Albermarle (used to relieve pain)
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N
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O

O
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N

O

O

O

Et3N, DMF, 100 °C

COOH
Cl

N

S

O

O

Synthesis of L-699,392

Scheme 4.6. Representative examples of drugs synthesized from styrene derivatives.
Traditionally, styrene derivatives are prepared via elimination reactions (dehydration
of alcohols or dehydrogenation),192 or Hoffman elimination.193 However, those methods
have low selectivity and are incompatible with sensitive functional groups due to use of
harsh conditions. Alternative transition-metal-mediated cross-coupling reactions provide
more efficient routes to functionalized styrenes that outperform traditional methods. In
1977, Heck reported the palladium-catalyzed arylation reaction of aryl bromide with
ethylene providing access to substituted styrenes.194 Moderate-to-good reaction yields were
reported, but the reaction required high pressures (100-200 psi) and elevated temperature.
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Besides, 2,2′-dimethyl stilbene was formed as a byproduct (Scheme 4.7). Milstein’s group
developed a ruthenium-catalyzed oxidative coupling of arenes with olefins using O2 as
oxidant at 180 °C. CO atmosphere is required to increase the catalyst’s turnover number
(TON). The highest yield obtained was 47% and the TON was 118.195 A similar example
was reported by the Gunnoe group,196 where they utilized a rhodium catalyst for singlestep styrene production from benzene and ethylene. A variety of oxidants, such as
C2H4/CO, Cu(OAc)2, AgOAc, HPA, PhCO3tBu were tested for reactivity. Among all,
Cu(OAc)2 showed the best results with 95% conversion and 100% selectivity. TON>800
was observed in this method.

Br
H2C CH2
CH3

Pd(OAc)2 (1 mol %)
P(o-tol)3 (2 mol %)
Et3N, 125 °C

CH3

CH3

CH3

Scheme 4.7. Arylation of aryl bromide with ethylene via Heck coupling.
Recently, a direct olefination of aromatic C–H bonds with the assistance of directing
groups (DGs) has received much attention (Scheme 4.8).197 By employing this
methodology, several synthetically useful substituted arylated alkenes have been reported.
Mostly palladium- and rhodium-catalysts are applied for this transformation. For example,
Leeuwen, et al. described the oxidative C–H olefination of acetanilides with acrylate
derivatives using Pd(OAc)2 and benzoquinone (BQ) as oxidant.198 Likewise, the use of
remote carboxylic acids as efficient directing groups was developed by Yu.199 In 2021,
Jegamohan reported rhodium(III)-catalyzed aerobic oxidative cross-couplings of
acrylamides with unactivated alkenes via vinylic C–H activation.197 Most systems require
external oxidants, high temperatures, and organic solvents as reaction medium. Besides,
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the directing groups are irremovable and recalcitrant to undergo further synthesis
elaboration.
DG

DG
H
R

M = Pd, Rh, Ru, Co

R

R = CO2R, COR, CN, SO2Ph, Ph, alkyl

Scheme 4.8. Transition-metal-catalyzed directing group-assisted direct olefinations of
arenes.
Due to mild reaction conditions, SM cross-coupling is considered as an efficient
method for synthesizing biaryl styrene derivatives. However, to date, only a few reports
are available in literature. Zayas, et al. reported the synthesis of the biaryl styrenes using
Pd(DIPHOS)2-catalyzed SM cross-coupling under microwave irradiation in THF/H2O
(1:1) at 100 °C. Reaction yields were excellent, but only six substrates were reported.183 In
2010, Wang and co-worker developed a nonsymmetric Schiff base ligand and used along
with PdCl2(CH3CN)2 for SM cross-coupling reaction to access 4-substituted styrene
compounds.184 The reactions were performed in toluene under aerobic conditions at 80 °C.
Products were obtained in moderate-to-good yields for a variety of functional groups.
However, none of the heterocyclic examples was reported therein.
To our best knowledge, there is no report for SM cross-coupling to access a
functionalized biaryl styrenes under aqueous conditions. The development of a new
nanocatalyst for mild and sustainable methodology for this transformation could be more
valuable and lead to an access to diverse styrene-type molecules.
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4.2. Results and discussion
For this selective transformation, we first developed nanoparticle (NP)-based catalyst
compatible with aqueous micellar conditions. The development bimetallic and trimetallic
NP catalysts is a topic of our group’s interest due to their enhancement in terms of activity,
selectivity, and stability. The addition of another metal could potentially cause change in
the surface electron density of the catalyst, the metal-metal bond length, the surface
composition, and the geometry architectures, which may lead to improved catalytic
reactivity and selectivity. Furthermore, the incorporation of a non-precious metal in the
composition could reduce the catalyst cost and address the sustainability.200
Our previous studies have demonstrated the efficiency of bimetallic Cu-Pd201 and NiPd202 NPs for the Buchwald-Hartwig aminations and highly selective debenzylation,
respectively. In general, Ni(0) species are highly moisture- and air-sensitive, however, its
NPs can be stabilized by Pd-doping, so it could be used in water. Also, the presence of
nanomicelles of PS-750-M plays a critical role in the reaction as it promotes the formation
and stabilization of these NPs. We have found that the NPs have a strong association with
a micellar inner core of PS-750-M, enhancing catalyst efficiency. To study the catalytic
activity of bi(tri)metallic NPs in aqueous PS-750-M surfactant, herein, we develop a
trimetallic NPs using inexpensive Cu and Mn metals with lesser Pd for selective SM crosscoupling to access a functionalized biaryl styrenes in water.
Synthesis of trimetallic NPs
Pd(OAc)2
(5000 ppm)

+

Cu(CH3CN)4PF6
(2 mol %)

+

Mn(OAc)2
(5 mol %)

i) MeMgBr (20 mol %)
ii) 3 wt % PS-750-M in H2O
trimetallic NPs

Scheme 4.9. Preparation of trimetallic NPs.
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To a 4 mL oven-dried round-bottomed flask containing PTFE-coated stirrer bar,
Pd(OAc)2 (0.28 mg, 0.5 mol %), Cu(CH3CN)4PF6 (1.86 mg, 2 mol %), Mn(OAc)2 (2.16
mg, 5 mol %), and SPhos (4.1 mg, 4 mol %) were added. The reaction flask was closed
with a rubber septum. The septum was then wrapped with parafilm. The reaction mixture
was evacuated and back-filled with argon atmosphere. This process was repeated three
times. 0.1 mL THF was added to the reaction mixture and mixture was stirred for 10
minutes at rt. After 10 minutes, a solution of 3.0 M MeMgBr (also called Grignard reagent)
in THF (0.017 mL, 20 mol %) was added to the reaction mixture. Upon addition of
Grignard reagent, the mixture turned to light-brown color. The reaction mixture was stirred
for 10 minutes at rt, then a few drops of 3 wt % aq. PS-750-M were added to the reaction
mixture. The mixture was stirred for a few minutes. Volatiles were removed under reduced
pressure to obtain semi-solid material, which was then triturated using pentane. Volatiles
were removed under reduced pressure to obtain a brown solid as trimetallic Pd-Cu-Mn
NPs.
B(OH)2

SPhos (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (5 mol %)

Br
1

2

MeMgBr (20 mol %), K3PO4 (1.5 equiv.)
3 wt % PS-750-M in H2O (1.0 mL)
45 °C, 30 min

3 97%

Scheme 4.10. Initial attempt of SM coupling using trimetallic NPs under aq. PS-750M.
Initial screening was carried out with naphthalene-1-boronic acid and 4-bromostyrene
in the presence of trimetallic NPs in 3 wt % aq. PS-750-M as a reaction medium. 97% SM
cross-coupling product was observed in only 30 minutes. Matching with our expectations,
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no polymeric byproduct was formed. The product was isolated and analyzed by 1H NMR
to confirm the formation of 1-(4-vinylphenyl)naphthalene (55 mg, 96%).
Optimization study
Using preliminary experimental results, we started screening a variety of ligands while
preparing different NPs and subsequently using them to test their activity. The NPs
catalysts with different ligands were prepared following the same procedure described
above and then tested on the standard reaction. The use of Ph3P, t-BuXPhos, and 1,1′Bis(di-tert-butylphosphino)ferrocene (DTBPF) result in lower reaction yields (Table 4.1,
entries 1-3). In addition, homo-coupling byproduct was observed. SPhos was found to be
the best ligand (entry 4).
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Table 4.1. Optimization of ligandsa

B(OH)2

ligand (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (5 mol %)
MeMgBr (20 mol %), K3PO4 (1.5 equiv.)
3 wt % PS-750-M in H2O (1.0 mL)
45 °C, 30 min

Br
1

2

P

PCy2
OCH3

Fe
H3CO

t-Bu

P
t-Bu

i-Pr
PPh3

4

t-Bu
p
t-Bu

P(t-Bu)2
i-Pr

i-Pr

3

XPhos

SPhos

DTBPF

entry

ligand

3 (%)b

4 (%)b

1

Ph3P

44

2

2

t-BuXPhos

54

7

3

DTBPF

74

11

4

SPhos

97

0

a

Conditions: 1 (0.375 mmol), 2 (0.25 mmol), ligand (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (5 mol %), MeMgBr (20 mol %), K3PO4 (1.5
equiv), 3 wt % PS-750-M in H2O (1.0 mL), 45 °C, 30 min. bYields based on GC-MS with
mesitylene as internal standard.
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Table 4.2. Optimization of basesa
B(OH)2

SPhos (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (5 mol %)

Br
1

2

MeMgBr (20 mol %), base (1.5 equiv.)
3 wt % PS-750-M in H2O (1.0 mL)
45 °C, 30 min

3

4

entry

base

3 (%)b

4 (%)b

1

KOH

80

17

2

NaOH

86

9

3

Na2CO3

59

39

4

Cs2CO3

42

3

5

Et3N

85

14

6

DIPEA

87

12

7

t-BuOLi

71

12

8

t-BuONa

85

12

9

K3PO4

97

0

a

Conditions: 1 (0.375 mmol), 2 (0.25 mmol), SPhos (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (5 mol %), MeMgBr (20 mol %), base (1.5 equiv.),
3 wt % PS-750-M in H2O (1.0 ml), 45 °C, 30 min. bYields based on GC-MS with
mesitylene as internal standard.
The next parameter to be optimized was the base (Table 4.2). When KOH and NaOH
were used as bases, 80% and 86% of desired products were formed, respectively (Table
4.2, entries 1-2). Inorganic bases such as Na2CO3, Cs2CO3 were inefficient for such
transformation (entries 3-4). Better conversions were obtained with organic base, such as
Et3N (85%) and DIPEA (87%) (entries 5-6). The use of strong bases like t-BuOLi and tBuONa did not significant increase the reaction yield (entries 7-8). Besides, in all cases,
the homo-coupling byproduct was observed except K3PO4. Since K3PO4 gave the best
conversion and produced no homo-coupling byproduct, it was chosen to further explore
substrate scope (entry 9).
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The role of each metal in the reactivity was confirmed by control experiments. These
control experiments were performed by my team member Sudripet Sharma and will be
disclosed in his dissertation and in joint publication. He found that each metal plays a key
role in catalytic activity. Without either Pd(OAc)2, Cu(CH3CN)4PF6, or Mn(OAc)2 result
in lower reaction yield. The optimized condition for catalyst loading was: 5000 ppm
Pd(OAc)2, 2 mol % Cu(CH3CN)4PF6, and 3 mol % of Mn(OAc)2.
With the optimized conditions in hand, we then checked the activity of NP catalyst in
different solvents (Table 4.3, entries 1, 2). Interestingly, no reactivity was observed in THF
and DMF (entries 1-2). In H2O, only 42% conversion of desired product was obtained
(entry 3), indicating the importance of surfactant in the formation of biaryl styrenes
product.
Table 4.3. Optimization of solventsa
B(OH)2

SPhos (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (3 mol %)
MeMgBr (20 mol %), K3PO4 (1.5 equiv.)
solvent (1 mL), 45 °C, 30 min

Br
1

3

2

entry

solvent

3 (%)b

1

THF

n.r

2

DMF

n.r

3

H2 O

42

4

PS-750-M

97

a

Conditions: 1 (0.375 mmol), 2 (0.25 mmol), SPhos (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (3 mol %), MeMgBr (20 mol %), K3PO4 (1.5
equiv.), solvent (1.0 mL), 45 °C, 30 min. bYields based on GC-MS with mesitylene as
internal standard.
Braje et al. reported extremely short reaction times using aqueous hydroxypropyl
methylcellulose (HPMC) as a reaction medium.203 HPMC is a water-soluble nonionic
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cellulosic polymer containing both hydrophobic and hydrophilic components. The
hydrophobic pockets can serve as reaction/catalytic sites. Two important reaction types:
Buchwald-Hartwig and amide couplings were illustrated using 2 wt % HPMC in H2O. The
first reaction was completed in less than 1 hour, whereas the later can be completed in less
than 60 seconds. These results confirm the efficiency of HPMC technology to achieve fast
reactions useful to the pharmaceutical and fine chemical industry.
Based on precedents of fast reactions enabled by aqueous HPMC, we also tested its
impact on the selective SM cross-couplings. (2-methoxyphenyl)boronic acid and 4-bromo
styrene were selected as coupling partners for this study. The ratio of 3 wt % aq. HPMC
and 3 wt % aq. PS-750-M was investigated. We found that more HPMC and less PS-750M decreased the reaction yields (Table 4.4, entries 1-5). When (0.5 mL) 3 wt % aq. HPMC
and (0.5 mL) 3 wt % aq. PS-750-M was used, 72.9% of desired product was formed after
10 min (entry 6). Increased the amount of 3 wt % aq. PS-750-M to 0.6 mL, 0.7 mL, and
0.8 mL led to the formation of product in 76.7%, 78.9%, and 89.3% yields after 10 min
(entries 7-9). The use of (0.1 mL) 3 wt % aq. HPMC and (0.9 mL) 3 wt % aq. PS-750-M
decreased the yield to 79.2% (entry 10). In case of 1.0 mL 3 wt % aq. PS-750-M, without
HPMC, the product was obtained in 72.1% conversion. From the finding results, the
combination of (0.2 mL) 3 wt % aq. HPMC and (0.8 mL) 3 wt % aq. PS-750-M gave the
highest conversion in 10 minutes. In addition, in this system, the reaction was completed
within 1 h, whereas in all other systems, the reaction did not finish. Therefore, the system
(0.2 mL) 3 wt % aq. HPMC and (0.8 mL) 3 wt % aq. PS-750-M was selected for the
detailed studies.
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Table 4.4. Optimization of a ratio of 3 wt % aq. HPMC:3 wt % aq. PS-750-Ma

SPhos (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (3 mol %)

B(OH)2
OCH3

Br
2

5

MeMgBr (20 mol %), K3PO4 (1.5 equiv.)
3 wt % HPMC in H2O (x mL)
3 wt % PS-750-M in H2O (x mL)
45 °C

OCH3
6

entry

3 wt %
HPMC (mL)

3 wt % PS750-M (mL)

6 after 10 min
(%)b

6 after 30 min
(%)b

6 after 1 h
(%)

1

1.0

0.0

56.2

65.4

69.5

2

0.9

0.1

66.4

74.7

75.1

3

0.8

0.2

67.9

73.5

80.9

4

0.7

0.3

66.7

73.6

77.4

5

0.6

0.4

70.2

80.6

85.9

6

0.5

0.5

72.9

81.1

84.5

7

0.4

0.6

76.7

85.6

87.1

8

0.3

0.7

78.9

87.6

89.1

9

0.2

0.8

89.3

100

100

10

0.1

0.9

79.2

88.7

92.8

11

0.0

1.0

72.1

85.6

91.5

a

Conditions: 5 (0.375 mmol), 2 (0.25 mmol), SPhos (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (3 mol %), MeMgBr (20 mol %), K3PO4 (1.5
equiv.), 3 wt % HPMC in H2O (x mL):3 wt % PS-750-M in H2O (x mL), 45 °C. bYields
based on GC-MS with starting material remaining.
Substrate scope
After establishing the optimal reaction conditions, substrate scope was then explored
using various coupling partners to confirm the robustness of this methodology (Table 4.5).
All representative examples shown in Table 4.5 afford good-to-excellent yields. A range of
aromatic and heteroaromatic in either coupling partner containing both electron-rich as
well as electron-deficient rings were well tolerated. Broad functional group tolerance was
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observed with the retention of methoxy (6, 24), chloro (12, 15, 18), flouro (7, 8, 10),
trifluoromethyl (14, 16), nitro (17), and aldehyde (21). Most reactions were completed
within less than 5 hours. Some substrates took a longer time (up to 24 hours), may be due
to the presence of sterically hindered substituent at the ortho-position (22) or due to
electronic factor (9, 20). The coupling of aryl bromides with (hetero)aryl-MIDA boronate
ester was also fasted to obtain the corresponding biaryl product in excellent yield (13, 98%
in 2 hours). Heteroaromatic bromides and boronic acids were also amenable, such as those
containing thiophenes (7, 9, 10), furans (9, 11, 20), pyridine (12), benzofuran (13), and
indoles (14, 15, 21, 23, 24). Notably, no polymer byproduct was detected in all cases,
confirming the selectivity and efficiency of this technology.
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Table 4.5. Substrate scope for selective SM cross-coupling to access functionalized
styrenesa
Br

SPhos (4 mol %), Pd(OAc)2 (0.5 mol %),
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (3 mol %)

Y

1 equiv

MeMgBr (20 mol %), K3PO4 (1.5 equiv.)
3 wt % HPMC in H2O:3 wt % PS-750-M in H2O,
45 °C

1.5 equiv
Y = B(OH)2 or
B(MIDA)

S
CH3

OCH3
3 Y = B(OH)2, 96% (10 min)

F

S

F

6 Y = B(OH)2, 94% (1 h)

O

F

7 Y = B(OH)2, 71% (18 h)

8 Y = MIDA, 79% (20 h)

9 Y = B(OH)2, 63% (18 h)

S
N

O
10 Y = B(OH)2, 96% (2 h)

11 Y = B(OH)2, 95% (2 h)

N

O

Cl

12 Y = B(OH)2, 84% (6 h)

CF3

CF3

13 Y = B(MIDA), 98% (2 h)

NO2

14 Y = B(OH)2, 83% (2 h)

Cl

N
Cl
15 Y = B(OH)2, 93% (2 h)

O

O

O

16 Y = B(OH)2, 87% (4 h)

17 Y = B(OH)2, 85% (3 h)

O

18 Y = B(OH)2, 86% (2 h)

19 Y = B(OH)2, 98% (2 h)

OCH3
N

OCH3

O

N
N

O
20 Y = B(OH)2, 73% (22 h)

O
21 Y = B(OH)2, 89% (3 h)

N

H
O2N
22 Y = B(OH)2, 71% (24 h)

a

23 Y = B(OH)2, 91% (3 h)

24 Y = B(OH)2, 84% (4 h)

Conditions: (Hetero)arylboronic acid or (heter)aryl-B(MIDA) (0.375 mmol), (hetero)aryl
bromide (0.25 mmol), SPhos (4 mol %), Pd(OAc)2 (0.5 mol %), Cu(CH3CN)4PF6 (2 mol
%), Mn(OAc)2 (3 mol %), MeMgBr (20 mol %), K3PO4 (1.5 equiv.), 3 wt % HPMC in
H2O (0.2 mL):3 wt % PS-750-M in H2O (0.8 mL), 45 °C. Yields are isolated.
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Reaction scalability
A. Gram-scale reaction with in-situ prepared catalyst
SPhos (4 mol %), Pd(OAc)2 (0.5 mol %)
Cu(CH3CN)4PF6 (2 mol %), Mn(OAc)2 (3 mol %)

Br
O

(HO)2B

1 g, 3.47 mmol

0.768 g, 5.19 mmol

MeMgBr (20 mol %), K3PO4 (1.5 equiv.)
3 wt % HPMC in H2O (2.7 mL)
3 wt % PS-750-M in H2O (11.1 mL)
45 °C, 2 h

O
19 0.9 g, 83%

Scheme 4.11. Catalyst prepared for a gram-scale reaction and subsequently used.
The potential for scalability was examined on a gram scale reaction. Coupling of 1bromo-4-((4-vinylphenoxy)methyl) and (4-vinylphenyl)boronic acid was performed using
in-situ prepared trimetallic NPs and K3PO4 in the mixture of 3 wt % HPMC in H2O (2.7
mL) and 3 wt % PS-750-M in H2O (11.1 mL). Product 19 was obtained as light-yellow
solid after extraction with EtOAc. No column chromatography is needed in this case. The
product was obtained in 83% isolated yield.

Figure 4.2. Isolated product from a gram scale reaction using in-situ prepared
catalyst.
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B. Gram-scale reaction with the isolated catalyst
B(OH)2
Cl
N

Br
1 g, 5.46 mmol

1.29 g, 8.19 mmol

isolated catalyst (380 mg),
K3PO4 (1.5 equiv)
3 wt % HPMC in H2O (2.7 mL),
3 wt % PS-750-M in H2O (11.1 mL),
45 °C, 6 h

N

Cl

12 0.89 g, 76%

Scheme 4.12. Application on gram scale reaction using an isolated catalyst.
To further investigate the robustness of the catalyst, a gram-scale reaction was
performed using isolated trimetallic NPs. The trimetallic NPs was prepared following the
procedure B (page 216). To the 25 mL oven-dried round-bottomed flask containing PTFEcoated stirrer bar, 1-bromo-4-vinylbenzene (1g, 5.46 mmol), (2-chloropyridin-3-yl)boronic
acid (1.29 g, 8.19 mmol), isolated catalyst (380 mg), and K3PO4 (1.1 g, 5.19 mmol) were
added. The reaction was closed with a rubber septum and evacuated and back-filled with
argon atmosphere for three times. 3 wt % HPMC in H2O (2.7 mL) and 3 wt % PS-750-M
in H2O (11.1 mL) were added to the reaction mixture. The reaction mixture was stirred at
45 °C for 6 hours. Product 12 was isolated in a good yield (76%) without column
chromatography.

Figure 4.3. Isolated product from a gram-scale reaction using isolated catalyst.
HRTEM of trimetallic NPs
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To gain insight on the size and shape of the NPs, the HRTEM of the finely ground
material was conducted. As seen in Figure 4.4, the NPs adopts the worm shape with the
length is about 20 nm and the width is less than 2 nm.

Figure 4.4. HRTEM analysis of trimetallic NPs.
31

P NMR analysis of trimetallic NPs
To further confirm the association of the phosphine ligand with each metal, 31P NMR

experiments were performed. All experiments were carried out in Varian Innova 400 MHz
NMR at 25 °C. CDCl3 as NMR solvent and PPh3 as internal standard were used in each
experiment. Stock solution containing different components were prepared. From stock
solutions, THF was removed under reduced pressure to obtain the resulting sample, which
was analyzed by NMR spectroscopy.
(Note: The internal standard was prepared in a capillary tube by dissolving PPh3 in CDCl3
in a capillary tube, and a tip of capillary tube was permanently sealed).
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A. Complexes of each metal with SPhos
All samples were prepared (Table 4.6) under argon atmosphere at 45 °C and stirred for
10 minutes. Samples B-D are complexes of Pd-SPhos, Cu-SPhos, and Mn-SPhos,
respectively. Samples E-F are their corresponding nanoparticles form (NPs).
Table 4.6. Sample details for the NMR experiments of one metal with SPhos
Sample ID

Constituents

Sample B

2.05 mg SPhos and 1.12 mg Pd(OAc)2 in 0.5 mL dry THF

Sample C

2.05 mg SPhos and 1.86 mg Cu(CH3CN)4PF6 in 0.5 mL dry THF

Sample D

2.05 mg SPhos and 0.86 mg Mn(OAc)2 in 0.5 mL dry THF

Sample E
Sample F
Sample G

(i) 2.05 mg SPhos and 1.12 mg Pd(OAc)2 in 0.5 mL dry THF,
(ii) 0.017 mL 3M MeMgBr (20 mol %)
(i) 2.05 mg SPhos and 1.86 mg Cu(CH3CN)4PF6 in 0.5 mL dry THF,
(ii) 0.017 mL 3M MeMgBr (20 mol %)
(i) 2.05 mg SPhos and 0.86 mg Mn(OAc)2 in 0.5 mL dry THF,
(ii) 0.017 mL 3M MeMgBr (20 mol %)

As shown in Figure 4.5A, a signal at -6.0 ppm is corresponding to the internal standard
PPh3. A peak at -9.68 ppm is from 31P signal of SPhos (Figure 4.5, A). Pd-bound SPhos
displayed a strong deshielding, and its 31P NMR signal was detected at 48.71 ppm (B). Cubound SPhos was observed at 18.33 ppm (C), whereas Mn-bound SPhos appears at -9.77
ppm in 31P NMR (D). The complexes of Pd-SPhos, Cu-SPhos, and Mn-SPhos were then
prepared under the same conditions and treated with MeMgBr to obtain their corresponding
NPs. The NPs of each complex were analyzed by 31P NMR. The Pd NPs displayed a signal
at 57.33 ppm (E), while the Cu NPs and Mn NPs signals appear at 11.12 (F) and -8.87 ppm
(G).
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Figure 4.5. 31P NMR of complexes of each metal with SPhos and their NPs.
B. Complexes of two metals with SPhos and their corresponding NPs
Next, we prepared complexes of two metals (Pd-Cu, Pd-Mn, Cu-Mn) with SPhos. All
samples were prepared as described in Table 4.7 under argon atmosphere at 45 °C and
stirred for 10 minutes. Sample H-J are complexes of Pd-Cu-SPhos, Pd-Mn-SPhos, and CuMn-SPhos, respectively. Sample K-M are their corresponding NPs form.
The 31P NMR of Pd-Cu-SPhos complex revealed two signals at 45.94 ppm and 69.83
ppm (Figure 4.6, H). The prior one corresponds to the binding of Pd with phosphorus since
the signal is similar to the signal that observed from the mixture of Pd-SPhos. The
downfield signal at 69.83 ppm may be due to the formation of the two-electron three-
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centered bond between the phosphine and bimetallic Pd and Cu species. A sample
containing Pd, Mn, and SPhos was found at 46.99 ppm, which may indicate the ligated of
both Pd and Mn with phosphorous (I). Two signals at 17.98 ppm and -9.78 ppm were seen
from the complex of Cu, Mn, and SPhos, suggesting the ligation of both Cu and Mn by
SPhos. The NPs of both systems: Pd-Cu NPs and Pd-Mn NPs displayed a similar signal
with three peaks merging at 57, 58, and 59 ppm, confirming the formation of NPs catalyst.
Table 4.7. Sample details for the NMR experiments of two metals with SPhos
Sample ID

Constituents
(i) 2.05 mg SPhos and 1.12 mg Pd(OAc)2 in 0.5 mL dry THF

Sample H

(ii) 2.05 mg SPhos and 1.86 mg Cu(CH3CN)4PF6 in 0.5 mL dry THF
(iii) mix (i) and (ii)
(i) 2.05 mg SPhos and 1.12 mg Pd(OAc)2 in 0.5 mL dry THF

Sample I

(ii) 2.05 mg SPhos and 0.86 mg Mn(OAc)2 in 0.5 mL dry THF
(iii) mix (i) and (ii)
(i) 2.05 mg SPhos and 1.86 mg Cu(CH3CN)4PF6 in 0.5 mL dry THF

Sample J

(ii) 2.05 mg SPhos and 0.86 mg Mn(OAc)2 in 0.5 mL dry THF
(iii) mix (i) and (ii)
(i) 2.05 mg SPhos and 1.12 mg Pd(OAc)2 in 0.5 mL dry THF

Sample K

(ii) 2.05 mg SPhos and 1.86 mg Cu(CH3CN)4PF6 in 0.5 mL dry THF
(iii) mix (i) + (ii). Then added 0.017 mL 3M MeMgBr (20 mol %)
(i) 2.05 mg SPhos and 1.12 mg Pd(OAc)2 in 0.5 mL dry THF

Sample L

(ii) 2.05 mg SPhos and 0.86 mg Mn(OAc)2 in 0.5 mL dry THF
(iii) mix (i) + (ii). Then added 0.017 mL 3M MeMgBr (20 mol %)
(i) 2.05 mg SPhos and 1.86 mg Cu(CH3CN)4PF6 in 0.5 mL dry THF

Sample M

(ii) 2.05 mg SPhos and 0.86 mg Mn(OAc)2 in 0.5 mL dry THF
(iii) mix (i) + (ii). Then added 0.017 mL 3M MeMgBr (20 mol %)
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Figure 4.6. 31P NMR of complexes of two metals with SPhos and their corresponding
NPs.
C. Complex of three metal with SPhos and its corresponding NPs
Finally, we prepared a complex of three metals Pd-Cu-Mn with SPhos. All samples
were prepared (as shown in Table 4.8) under an argon atmosphere at 45 °C for 10 minutes.
Sample N is the complex of Pd-Cu-Mn with SPhos and sample O is its corresponding NPs.
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Table 4.8. Sample details for the NMR experiments of three metals with SPhos
Sample ID

Constituents
(i) 2.05 mg SPhos and 1.12 mg Pd(OAc)2 in 0.5 mL dry THF

Sample N

(ii) 2.05 mg SPhos and 1.86 mg Cu(CH3CN)4PF6 in 0.5 mL dry THF
(iii) 2.05 mg SPhos and 0.86 mg Mn(OAc)2 in 0.5 mL dry THF
(iv) Mix (i) + (ii) + (iii)
(i) 2.05 mg SPhos and 1.12 mg Pd(OAc)2 in 0.5 mL dry THF

Sample O

(ii) 2.05 mg SPhos and 1.86 mg Cu(CH3CN)4PF6 in 0.5 mL dry THF
(iii) 2.05 mg SPhos and 0.86 mg Mn(OAc)2 in 0.5 mL dry THF
(iv) Mix (i) + (ii) + (iii). Then added 0.017 mL 3M MeMgBr (20 mol %)

In the complex containing three metals (Pd, Cu, Mn) ligated with SPhos showed two
31

P signals, i.e., one at 46.80 ppm is from SPhos-bound Pd, and the another at 12.78 ppm

from SPhos bound-Cu, clearly indicating that Mn does not bound to SPhos. The 31P NMR
of Pd-Cu-Mn NPs showed similar signal as observed on 31P NMR of Pd-Cu NPs and PdMn NPs.

Figure 4.7. 31P NMR of complex of three metals with SPhos and its NPs.
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ICP-MS analysis
The SM cross-coupling reaction was performed under the standard optimized
conditions. After the reaction was completed, product was isolated and sent out for ICPMS analysis. Amount of each metal containing in the product was: Pd (1 ppm), Mn (<1
ppm), and Cu (<1 ppm), which demonstrates the sustainability of this nanotechnology.

Scheme 4.13. ICP-MS analysis.
4.3. Conclusions
In conclusion, trimetallic NPs have been developed for selective SM cross-couplings
to access functionalized biaryl styrenes in aqueous micellar medium. The NPs have shown
reactivity only at the halide center of aryl halide containing terminal olefins, resulting in
the formation of SM couplings product, leaving the vinyl terminus unreacted. No
polymerization product was observed in all cases based on TLC and isolated yields. A
broad substrate scope with functional group tolerance proved the efficiency of this
methodology. Good-to-excellent yields on gram-scale reactions were obtained with both
fresh catalyst and aged catalyst, revealing the stability of the NPs. Control
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P NMR

experiments confirm the binding of phosphine with both Cu and Pd. Overall, the reactions
were fast with excellent selectivity under mild conditions in an aqueous medium. This
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could be greatly useful for synthesizing biaryl styrenes derivatives via SM cross-couplings
in the pharmaceutical industry.
4.4. Experimental data
I. General information
Unless otherwise noted, all manipulations were carried out under the argon atmosphere
in oven-dried 4 mL glass vials containing PTFE-coated magnetic stir bar. Solvent molarity
listed in reaction schemes is relative to the limiting reagent. All experiments were
monitored by analytical thin-layer chromatography (TLC) and GC-MS. Solvents were
removed under vacuum and heated on water bath at 40 °C. Columns were packed as a
slurry of silica gel in hexanes.
Chromatography. TLC plates (UV 254 indicator, aluminum backed, 175–225 µm
thickness, standard grade silica gel, 230–400 mesh) were supplied by Merck; silica gel (60
Å pore size, 230-400 mesh) was purchased from Silicycle.
Solvents. Acetone, ethyl acetate, hexanes, dichloromethane, and HPLC-grade water were
purchased from Fisher Scientific and used without further purification. NMR solvents were
obtained from Cambridge Isotopes Laboratories. Surfactant solutions PS-750-M was
prepared in HPLC-grade water and thoroughly purged with argon. Poly(ethylene glycol)
methyl ether 750 (MPEG-750-M) was supplied by Alfa-Aesar.
Reagents. Tetrakis(acetonitrile)copper(I) hexafluorophosphate, palladium (II) acetate,
manganese (II) acetate, and MeMgBr were purchased from Sigma Aldrich. Commercially
available boronic acids, MIDA boronate esters, and aryl halides were either supplied by
Sigma-Aldrich or Combi-Blocks Inc. or Oakwood Chemicals.
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General Instrumentation. All products were purified by flash chromatography using a
manual column or Teledyne Isco CombiFlash Rf 150. GC-MS data was obtained using a
Thermo Scientific Trace 1300 Gas Chromatograph coupled with a Thermo Scientific ISQQD Single Quadrupole Mass Spectrometer. All NMR spectra were recorded at 23 °C on
Varian MR-400, Varian Unity INOVA 500, and Varian VNMRS 700 spectrometers (400,
500, and 700 MHz, respectively). Melting points were determined using a MEL-TEMP II
melting point apparatus with samples in Kimble Kimex 51 capillaries (1.5-1.8 x 90 mm).
Reported chemical shifts are referenced to residual solvent peaks. HRMS analyses were
obtained either using a 5975C Mass Selective Detector coupled with a 7890A Gas
Chromatography (Agilent Technologies) or orbit-trap.
II. Experimental procedures
Procedure A: Preparation of substrates
O
HO
O

H

K2CO3 (2 equiv.)

Br
Br

O

DMF, 45 °C

H

Br

25

Scheme 4.14. Synthesis of 4-((4-bromobenzyl)oxy)benzaldehyde (25).
4-((4-Bromobenzyl)oxy)benzaldehyde (25): In the 25 mL oven-dried roundbottomed flask containing PTFE-coated stirrer bar, 4-hydroxybenzaldehyde (978.4 mg,
8.02 mmol), 1-bromo-4-(bromomethyl)benzene (2.18 g, 8.82 mmol), and K2CO3 (2.21 g,
16.04 mmol) were added (Scheme 4.14). 32 mL DMF was added to the reaction mixture,
then the mixture was stirred at 45 °C. After complete consumption of starting material as
monitored by TLC and GC-MS, the reaction mixture was diluted with EtOAc (5 mL) and
cold DI-H2O (10 mL), then mixture was stirred for a minute at rt. Stirring was stopped and
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the mixture was transferred into a separatory funnel. The mixture was allowed to separate.
The aqueous and organic layer was collected into two different beakers. The organic layer
was then transferred back to the separatory funnel. An addition of 10 mL of cold DI-H2O
was added to the separatory funnel. The mixture was mixed and allowed to separate. The
aqueous layer was separated from the organic layer. Organic layer was dried over sodium
sulfate. Volatiles were removed under reduced pressure to obtain a semi-pure product,
which was then purified by flash chromatography over silica gel using EtOAc/hexanes;
yield (1.95 g, 84%) as white solid.
1

H NMR (400 MHz, CDCl3) δ 9.89 (s, 1H), 7.84 (d, J = 8.0 Hz, 2H), 7.53 (d, J = 8.0 Hz,

2H), 7.31 (d, J = 8.0 Hz, 2H), 7.06 (d, J = 8.0 Hz, 2H), 5.10 (s, 2H).

O
H
O

Ph
Ph P CH3I
Ph

Br
BuLi (1.2 equiv.)

O

THF, -78 °C

Br

26

Scheme 4.15. Synthesis of 1-bromo-4-((4-vinylphenoxy)methyl)benzene (26).
1-Bromo-4-((4-vinylphenoxy)methyl)benzene (26): In a 25 mL oven-dried roundbottomed flask containing PTFE-coated stirrer bar, triphenylphosphine methyliodide salt
(834.3 mg, 2.06 mmol) was added. The reaction flask was closed with a septum. The
septum was wrapped with a parafilm. The reaction flask was evacuated and back-filled
with argon atmosphere for three times. 10 mL dry THF was added to the reaction flask
under argon atmosphere at -78 °C (Scheme 4.15). To the reaction mixture, a solution of 2.5
M of BuLi (0.82 mL, 2.06 mmol) was slowly added for 0.5 hour. During the addition of
BuLi, the color of the reaction mixture was changed from white to light-yellow. A solution
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of 4-((4-bromobenzyl)oxy)benzaldehyde (498.6 mg, 1.72 mmol) in dry THF was added
dropwise to the reaction mixture for another 0.5 hour at -78 °C. The reaction mixture was
then stirred for additional 2 hours at rt. After complete consumption of starting materials
as monitored by TLC or GC-MS, the reaction mixture was quenched with saturated
ammonium chloride, followed by filtration to remove triphenyl phosphine oxide. The
filtrate was transferred back to the round-bottomed flask, and volatiles were removed under
reduced pressure. The reaction mixture was then extracted with EtOAc (3 mL) and cold
DI-H2O (3 mL) in a separatory funnel. The mixture was allowed to separate. Then the
aqueous and organic layer was collected into two different beakers. The aqueous layer was
transferred back to the separatory funnel. An addition of 3 mL of EtOAc was added to the
separatory funnel. The mixture was mixed and allowed to separate. The aqueous was
separated from organic layer. Combined the organic layers were dried under anhydrous
sodium sulfate. Volatiles were removed under reduced pressure to obtain a desired product
as white solid; yields (416.1 mg, 84%).
1

H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 8.0 Hz, 2H), 7.33 (m, 4H), 6.91 (d, J = 8.0 Hz,

2H), 6.66 (dd, J = 20, 12 Hz, 1H), 5.62 (d, J = 20 Hz, 1H), 5.13 (d, J = 12 Hz, 1H), 5.02
(s, 2H).

N

H

Br

Ph
Ph P CH3I
Ph

BuLi (1.2 equiv.)
THF, -78 °C

N
Br

O
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Scheme 4.16. Synthesis of 1-(4-bromobenzyl)-2-vinyl-1H-indole (27).
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1-(4-Bromobenzyl)-2-vinyl-1H-indole (27): In a 10 mL oven-dried round-bottomed
flask containing PTFE-coated stirrer bar, triphenylphosphine methyliodide salt (310.4 mg,
0.76 mmol) was added. The reaction flask was closed with a septum. The septum was
wrapped with a parafilm. The reaction flask was evacuated and back-filled with argon
atmosphere for three times. 4 mL dry THF was added to the reaction flask under argon
atmosphere at -78 °C (Scheme 4.16). To the reaction mixture, a solution of 2.5 M of BuLi
(0.30 mL, 0.76 mmol) was slowly added for 0.5 hour. During the addition of BuLi, the
color of the reaction mixture was changed from white to light-yellow. A solution of 1-(4bromobenzyl)-1H-indole-2-carbaldehyde (200.3 mg, 0.64 mmol) in dry THF was added
dropwise to the reaction mixture for another 0.5 hour at -78 °C. The reaction mixture was
then stirred for an additional 2 hours at rt. After complete consumption of starting materials
as monitored by TLC or GC-MS, the reaction mixture was quenched with 0.5 mL of
saturated ammonium chloride, followed by filtration to remove triphenyl phosphine oxide.
The filtrate was transferred back to the round-bottomed flask, and volatiles were removed
under reduced pressure. The reaction mixture was then extracted with EtOAc (3 mL) and
cold DI-H2O (3 mL) in a separatory funnel. The mixture was allowed to separate, then the
aqueous and organic layers were collected into two different beakers. The aqueous layer
was transferred back to the separatory funnel. Additional of 3 mL EtOAc was added to the
separatory funnel. The mixture was mixed and allowed to separate. The aqueous was
separated from organic layer. Combined organic layers were dried over anhydrous sodium
sulfate. Volatiles were removed under reduced pressure to obtain a semi-pure desired
product, which was further purified by flash chromatography using EtOAc/hexanes as
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eluent (Rf = 0.62 in 1:9 EtOAc/hexane). Pure product was obtained as a white solid; yield
(158 mg, 79.4%).
1

H NMR (400 MHz, CDCl3) δ 7.67 (s, 1H), 7.42 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz,

1H), 7.18 (d, J = 8.0 Hz, 1H), 6.10 (d, J = 4.0 Hz, 1H), 6.97 – 6.95 (m, 2H), 6.85 (dd, J =
16, 8.0 Hz, 1H), 6.56 (s, 1H), 5.71 (d, J = 16 Hz, 1H), 5.25 (s, 2H), 5.16 (d, J = 12 Hz, 1H).

H

O
Ph
Ph P CH3I
Ph

N

BuLi (1.2 equiv.)
THF, -78 °C

N
Br

Br
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Scheme 4.17. Synthesis of 1-(4-bromobenzyl)-5-vinyl-1H-indole (28).
1-(4-Bromobenzyl)-5-vinyl-1H-indole (28): In 25 mL oven-dried round-bottomed
flask containing PTFE-coated stirrer bar, triphenylphosphine methyliodide salt (620.8 mg,
1.53 mmol) was added. The reaction flask was closed with a septum. The septum was
wrapped with a parafilm. The reaction flask was evacuated and back-filled with argon
atmosphere for three times. 8 mL dry THF was added to the reaction flask under argon
atmosphere at -78 °C (Scheme 4.17). To the reaction mixture, a solution of 2.5 M of BuLi
(0.61 mL, 1.53 mmol) was slowly added for 0.5 hour. During the addition of BuLi, the
color of the reaction mixture was changed from white to light-yellow. A solution of 1-(4bromobenzyl)-1H-indole-5-carbaldehyde (400.6 mg, 1.28 mmol) in dry THF was added
dropwise to the reaction mixture for another 0.5 hour at -78 °C. The reaction mixture was
then stirred for an additional 2 hours at rt. After complete consumption of starting materials
as monitored by TLC or GC-MS, the reaction mixture was quenched with 1 mL of saturated
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ammonium chloride, followed by filtration to remove triphenyl phosphine oxide. The
filtrate was transferred back to the round-bottomed flask, and volatiles were removed under
reduced pressure. The reaction mixture was then extracted with EtOAc (3 mL) and cold
DI-H2O (3 mL) in a separatory funnel. The mixture was allowed to separate. Then the
aqueous and organic layer were collected into two different beakers. The aqueous layer
was transferred back to the separatory funnel. An addition of 3 mL of EtOAc was added to
the separatory funnel. The mixture was mixed and allowed to separate. Organic layer was
collected. Combined organic layers were dried over anhydrous sodium sulfate. Volatiles
were removed under reduced pressure to obtain a semi-pure desired product, which was
further purified by flash chromatography using EtOAc/hexanes as eluent (Rf = 0.76 in 1:9
EtOAc/hexane). Pure product was obtained as a white solid; yield (180 mg, 45.2%).
1

H NMR (400 MHz, CDCl3) δ 7.63 (d, J = 8.0 Hz,1H), 7.40 (d, J = 8.0 Hz, 2H), 7.21 –

7.13 (m, 3H), 6.89 (d, J = 8.0 Hz, 2H), 6.79 (s, 1H), 6.67 (dd, J = 20, 12 Hz, 1H), 5.81 (d,
J = 12 Hz, 1H), 5.32 (d, J = 16 Hz, 3H).

H

O

Br

Br
N

Ph
Ph P CH3I
Ph

BuLi (1.2 equiv.)

N

THF, -78 °C
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Scheme 4.18. Synthesis of 1-benzyl-5-bromo-3-vinyl-1H-indole (29).
1-Benzyl-5-bromo-3-vinyl-1H-indole (29): In 25 mL oven-dried round-bottomed
flask containing PTFE-coated stirrer bar, triphenylphosphine methyliodide salt (2.32 g,
5.75 mmol) was added. The reaction flask was closed with a septum, which was wrapped
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with a parafilm. The reaction flask was evacuated and back-filled with argon atmosphere
three times. 20 mL of dry THF was added to the reaction flask under argon atmosphere at
-78 °C (Scheme 4.18). To the reaction mixture, a solution of 2.5 M of BuLi (2.3 mL, 5.75
mmol) was slowly added for 0.5 hour. During the addition of BuLi, the color of the reaction
mixture was changed from white to light-yellow. A solution of 1-benzyl-5-bromo-1Hindole-3-carbaldehyde (1.49 g, 4.79 mmol) in dry THF was added dropwise to the reaction
mixture for another 0.5 hour at -78 °C. The reaction mixture was then stirred for an
additional 2 hours at rt. After complete consumption of starting materials as monitored by
TLC or GC-MS, the reaction mixture was quenched with 1 mL of saturated ammonium
chloride, followed by filtration to remove triphenyl phosphine oxide. The filtrate was
transferred back to the round-bottomed flask, and volatiles were removed under reduced
pressure. The reaction mixture was then extracted with EtOAc (6 mL) and cold DI-H2O (6
mL) in a separatory funnel. The mixture was allowed to separate. Then the aqueous and
organic layer were collected in two different beakers. The aqueous layer was transferred
back to the separatory funnel. 5 mL of EtOAc was added to the separatory funnel. The
mixture was mixed and allowed to separate. The aqueous layer was separated. Combined
the organic layers were dried over anhydrous sodium sulfate. Volatiles were removed under
reduced pressure to obtain a semi-pure desired product, which was further purified by flash
chromatography using EtOAc/hexanes as eluent (Rf = 0.65 in 1:9 EtOAc/hexane). The
pure product was obtained as a white solid; yield (1.08 g, 72.5%).
1

H NMR (400 MHz, CDCl3) δ 8.06 (s, 1H), 7.31 – 7.29 (m, 4H), 7.14 (d, J = 4.0 Hz, 1H),

7.08 (d, J = 8.0 Hz, 3H), 6.83 (dd, J = 16, 8.0 Hz, 1H), 5.68 (d, J = 16 Hz, 1H), 5.22 (d, J
= 12 Hz, 1H), 5.16 (s, 2H).
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NNHTs
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Pd NPs (1.5 mol %)
LiOH (2.0 equiv)

I
+

3 wt % PS-750-M in H2O
60 oC, 24 h

O2N

O2N
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Scheme 4.19. Synthesis of 1-bromo-2-(1-(4-nitrophenyl)vinyl)benzene (30).
1-Bromo-2-(1-(4-nitrophenyl)vinyl)benzene (30): In a 10 mL oven-dried roundbottomed

flask

containing

PTFE-coated

stir

bar,

(Z)-4-methyl-N’-(1-(4-

nitrophenyl)ethylidene)benzenesulfonohydrazide (499.6 mg, 1.5 mmol), 1-bromo-2iodobenzene (281.8 mg, 1.0 mmol), Pd NPs (48 mg), and LiOH (48 mg, 1.0 mmol) were
added (Scheme 4.19). The reaction flask was sealed with a rubber septum. The septum was
wrapped with parafilm. The reaction mixture was evacuated and back-filled with argon
atmosphere for three times. 4.0 mL 3 wt % PS-750-M in H2O was added to the reaction
mixture. The reaction mixture was stirred at 60 – 70 °C until complete consumption of
starting material. After complete consumption of starting material as monitored by TLC
and GCMS, the reaction mixture was cooled to rt. 4 mL EtOAc was added to the reaction
mixture, and mixture was stirred for a minute at rt. Stirring was stopped and the organic
layer was allowed to separate from the aqueous layer. The organic layer was removed using
pipette. The extraction procedure was applied for an additional time. Combined organic
layers were dried over anhydrous sodium sulfate. Volatiles were removed under reduced
pressure to obtain a semi-pure product, which was further purified by flash chromatography
using EtOAc/hexanes as eluent. Product was obtained as a yellow oil, yield (200 mg, 66%).
1

H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 8.0 Hz, 1H), 7.38 –

7.21 (m, 5H), 5.93 (s, 1H), 5.45 (s, 1H).
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Note: Pd NPs was prepared following procedure: To a vigorously stirred solution of
K2PdCl4 (33 mg, 0.1 mmol) and tetra-n-octylammonium bromide (109 mg, 0.2 mmol) in
1:1 DI-H2O/CH2Cl2 (2mL), a solution of PPh3 (131 mg, 0.5 mmol) in CH2Cl2 (2 mL) was
slowly added at room temperature. The resulting mixture was stirred for 30 minutes at rt.
To the mixture, a solution of NaBH4 (12 mg, 0.3 mmol) in DI-H2O (1 mL) was slowly
added, followed by the addition of 0.1 mL 3 wt % PS-750-M in H2O. The reaction mixture
was stirred for an additional 1 hour at rt under argon atmosphere.
After 1 h additional stirring, CH2Cl2 (1 mL) was added to the reaction mixture, and
the mixture was stirred for few minutes. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous. The organic layer was removed from the reaction
mixture and dried over anhydrous sodium sulfate. Volatiles were removed under reduced
pressure to obtain nanoparticles as yellow solid, which was then triturated using pentane
(1 mL). Volatiles were removed under reduced pressure to obtain a free-flowing yellow
solid (132 mg).
Procedure B: General procedure for synthesis of trimetallic NPs
In an oven-dried 10 mL reaction vial containing a PTFE-coated stir bar, Pd(OAc)2
(16.2 mg, 0.5 mol %), Cu(CH3CN)4PF6 (108 mg, 2 mol %), Mn(OAc)2 (37.5 mg, 3 mol
%), and SPhos (237 mg, 4 mol %) were added. The reaction vial was closed with a rubber
septum. The septum was wrapped with parafilm. The reaction mixture was evacuated and
back-filled with argon atmosphere for three times. 8.5 mL dry THF was added to the
reaction mixture and the resulting mixture was allowed to stir for 10 minutes at rt. To the
reaction mixture, a solution of 3M MeMgBr in THF (0.96 mL, 20 mol %) was added
dropwise. During the addition of MeMgBr, the reaction mixture color was changed from
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yellow to brown. The reaction mixture was further stirred for 10 minutes at rt. 0.1 mL of 3
wt % PS-750-M in H2O was used to quench the excess of MeMgBr. Volatiles were removed
under reduced pressure to obtain a semi-solid material, which was then triturated using
pentane. Volatiles were removed under reduced pressure to obtain a brown solid as
trimetallic Pd-Cu-Mn NPs (yield 598 mg). The catalyst is stable under air and can be stored
under ambient conditions for up to 2 months.
Procedure C: SM coupling reactions with in-situ formed catalyst
In a 4 mL oven-dried reaction vial containing PTFE-coated stirrer bar, Pd(OAc)2 (0.28
mg, 0.5 mol %), Cu(CH3CN)4PF6 (1.86 mg, 2 mol %), Mn(OAc)2 (1.29 mg, 3 mol %), and
Sphos (4.1 mg, 4 mol %) were added. The reaction vial was closed with a rubber septum.
The septum was then wrapped with parafilm. The reaction mixture was evacuated and
back-filled with argon for three times. 0.1 mL of THF was added to the reaction mixture
and mixture was stirred for 5 minutes at rt. After 5 minutes, a solution of 3.0 M MeMgBr
in THF (0.017 mL, 20 mol %) was added to the reaction mixture. Upon addition of
Grignard reagent, the mixture turned to dark-brown color. The reaction mixture was stirred
for 10 minutes at rt, then the solvent was removed under vacuum. Hetero/aryl bromide
(0.25 mmol), hetero/aryl boronic acid (0.375 mmol), and K3PO4 (80 mg, 0.375 mmol) were
added to the reaction mixture under argon atmosphere, then the septum was closed. The
reaction mixture was evacuated and back-filled with argon atmosphere for three times. 3.0
wt % HPMC in H2O (0.2 mL) and 3.0 wt % PS-750-M in H2O (0.8 mL) were added to the
reaction mixture. The reaction mixture was then stirred at 45 °C until complete
consumption of starting materials. After complete consumption of starting materials as
monitored by TLC or GCMS, the reaction mixture was cooled to rt. 1 mL EtOAc was added
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to the reaction mixture and mixture was stirred for a minute. The organic layer was
withdrawn using a pipette. The same extraction procedure was repeated for two times (0.5
mL of EtOAc/time). Combined organic layers was dried over anhydrous sodium sulfate.
Finally, volatiles were removed under reduced pressure to obtain a semi-pure product,
which was further purified by flash chromatography using EtOAc/hexanes as eluent.
Procedure D: A gram-scale reaction using in-situ formed catalyst
To the 25 mL oven-dried round-bottomed flask containing PTFE-coated stirrer bar,
Pd(OAc)2 (3.88 mg, 0.5 mol %), Cu(CH3CN)4PF6 (25.79 mg, 2 mol %), and Mn(OAc)2
(17.95 mg, 3 mol %), Sphos (56.8 mg, 4 mol %) were added. The reaction flask was closed
with a rubber septum. The septum was wrapped with parafilm. The reaction mixture was
evacuated and back-filled with argon atmosphere for three times. 2 mL of THF was added
to the reaction mixture and stirred for 5 minutes at rt. After 5 minutes, a solution of 3.0 M
MeMgBr in THF (0.23 mL, 20 mol %) was added to the reaction mixture. Upon addition
of Grignard reagent, the mixture turned to dark brown color. The reaction mixture was
stirred for 10 minutes at rt, then the solvent was removed under vacuum. 1-Bromo-4-((4vinylphenoxy)methyl)benzene (1 g, 3.46 mmol), (4-vinylphenyl)boronic acid (0.768 g,
5.19 mmol), and K3PO4 (1.1 g, 5.19 mmol) were added to the reaction mixture under argon
atmosphere. The septum was then closed, then the reaction mixture was evacuated and
back-filled with argon atmosphere for three times. 3.0 wt % HPMC in H2O (2.7 mL) and
3.0 wt % PS-750-M in H2O (11.1 mL) were added to the reaction mixture. The reaction
mixture was stirred at 45 °C for 2 hours. After 2 hours, the mixture was cooled to rt. 5 mL
EtOAc was added to the reaction mixture, and the mixture was stirred for a minute at rt.
Stirring was stopped, and the organic layer was allowed to separate from the aqueous layer.
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The organic layer was removed using a separatory funnel. The extraction procedure was
applied for an additional time. Combined organic layer was dried over anhydrous sodium
sulfate. Volatiles were removed under reduced pressure to obtain a desired product as lightyellow solid (yield 0.9 g, 83%).
Procedure E: A gram scale reaction using isolated catalyst
To 25 mL oven-dried round-bottomed flask containing PTFE-coated stirrer bar, 1bromo-4-vinylbenzene (1g, 5.46 mmol), (2-chloropyridin-3-yl)boronic acid (1.29 g, 8.19
mmol), isolated catalyst (380 mg), and K3PO4 (1.1 g, 5.19 mmol) were added. The reaction
mixture was closed with a rubber septum. The septum was wrapped with parafilm. The
reaction mixture was evacuated and back-filled with argon atmosphere for three times. 3.0
wt % HPMC in H2O (2.7 mL) and 3.0 wt % PS-750-M in H2O (11.1 mL) were added to
the reaction mixture. The mixture was stirred at 45 °C for 6 hours. After 6 hours, the
reaction mixture was cooled to rt. 5 mL EtOAc was added to the reaction mixture and the
mixture was stirred for a minute at rt. Stirring was stopped and organic layer was allowed
to separate from the aqueous layer. The organic layer was removed using a separatory
funnel. The extraction procedure was applied for an additional time. Combined organic
layer was dried over anhydrous sodium sulfate. Volatiles were removed under reduced
pressure to obtain a desired product as light-yellow solid (yield 0.89 g, 76%).
III. Compound characterization
1-(4-Vinylphenyl)naphthalene (3)204
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The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to provide the desired
compound as a white solid, mp = 55 – 56 °C, yield (55 mg, 96%). 1H NMR (400 MHz,
CDCl3) δ 7.99 – 7.89 (m, 3H), 7.58 – 7.48 (m, 8H), 6.85 (dd, J = 20, 12 Hz, 1H), 5.89 (d,
J = 16 Hz, 1H), 5.35 (d, J = 12 Hz, 1H).

2-methoxy-4'-vinyl-1,1'-biphenyl (6)
CAS RN 115785-85-8

OCH3

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a white oil, yield (50.9 mg, 94%). 1H NMR (400 MHz, CDCl3) δ 7.49 (d, J
= 8.0 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 7.31 – 7.28 (m, 2H), 7.01 – 6.98 (m, 1H), 6.94 (J
= 8.0 Hz, 1H), 6.73 (dd, J = 16, 8 Hz, 1H), 5.75 (d, J = 16 Hz, 1H), 5.23 (d, J = 12 Hz,
1H), 3.76 (s, 3H).

13

C NMR (100 MHz, CDCl3) δ 156.6, 138.2, 136.8, 136.3, 130.8,

130.46, 129.8, 128.8, 125.9, 120.9, 113.7, 111.4, 55.6.

4-(4-Fluoro-2-methylphenyl)-2-vinylthiophene (7)

CH3

F

215

S

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a yellow oil, yield (38.7 mg, 71%).1H NMR (400 MHz, CDCl3) δ 7.22 –
7.19 (m, 1H), 6.97 – 6.87 (m, 4H), 6.79 (dd, J = 16, 12 Hz, 1H), 5.58 (d, J = 20 Hz, 1H),
5.16 (d, J = 8.0 Hz, 1H), 2.30 (s, 3H). 19F NMR (376 MHz, CDCl3): -115.62 ppm. 13C
NMR (100 MHz, CDCl3) δ 163.3, 160.9, 142.1 (d, J = 130 Hz), 138.1 (d, J = 10 Hz),
132.6, 131.1 (d, J = 10 Hz), 129.9, 127.7, 121.8, 117.1 (d, J = 20 Hz), 113.7, 112.7 (d, J =
20 Hz), 20.9. HRMS (EI) [C13H11FS+] calcd = 218.0565, found m/z = 218.0562.

3-Fluoro-4'-vinyl-1,1'-biphenyl (8)184

F

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a white solid, mp = 74 – 75 °C, yield (39 mg, 79%). 1H NMR (400 MHz,
CDCl3) δ 7.57 – 7.50 (m, 4H), 7.42 – 7.39 (m, 2H), 7.32 – 7.30 (m, 1H), 7.07 – 7.03 (m
1H), 6.78 (dd, J = 16, 8.0 Hz, 1H), 5.83 (d, J = 20 Hz, 1H), 5.32 (d, J = 12 Hz, 1H). 19F
NMR (376 MHz, CDCl3): -113.03 ppm. 13C NMR (100 MHz, CDCl3) δ 164.6, 162.1,
143.1 (d, J = 7.0 Hz), 139.4, 137.3, 136.4, 130.4 (d, J = 9.0 Hz), 127.1 (d, J = 45 Hz),
122.7, 114.4 (d, J = 11 Hz), 114.1 (d, J = 8.0 Hz), 113.8.
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3-(5-Vinylthiophen-3-yl)furan (9)
S

O

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obatin desired
compound as a brown oil, yield (28 mg, 63%). 1H NMR (400 MHz, CDCl3) δ 7.64 (s,
1H), 7.44 (s, 1H), 7.09 (d, J = 8.0 Hz, 2H), 6.80 (dd, J = 20, 12 Hz, 1H), 6.60 (s, 1H), 5.59
(d, J = 20 Hz, 1H), 5.18 (d, J = 8.0 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 143.7, 143.6,
138.5, 133.6, 129.8, 124.6, 121.8, 118.5, 113.9, 109.2. HRMS (EI) [C10H8OS+] calcd =
176.0296, found m/z = 176.0286.

4-(2-Fluorophenyl)-2-vinylthiophene (10)
F

S

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a yellow oil, yield (49 mg, 96%). 1H NMR (400 MHz, CDCl3) δ 7.84 – 7.80
(m, 1H), 7.72 (s, 1H), 7.59 (s, 1H), 7.55 – 7.52 (m, 1H), 7.47 – 7.39 (m, 2H), 7.13 (dd, J =
20, 12, 1H), 5.90 (d, J = 20 Hz, 1H), 5.49 (d, J = 12 Hz, 1H). 19F NMR (376 MHz, CDCl3):
-115.32 ppm. 13C NMR (100 MHz, CDCl3) δ 163.3, 160.9, 142.1 (d, J =126 Hz), 138.1
(d, J = 7.0 Hz), 132.6, 131.1 (d, J = 8.0 Hz), 129.9, 127.7, 121.8, 117.1 (d, J = 21 Hz),
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113.7, 112.7 (d, J = 21 Hz). HRMS (EI) [C12H9FS + H+] calcd = 205.0482, found m/z =
205.0481.

3-(4-Vinylphenyl)furan (11)

O

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a yellow solid, mp = 91 – 92 °C, yield (40 mg, 95%). 1H NMR (400 MHz,
CDCl3) δ 7.74 (s, 1H), 7.48 – 7.41 (m, 5H), 6.72 (dd, J = 20, 12 Hz, 2H), 5.76 (d, J = 16
Hz, 1H), 5.25 (d, J = 12 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 143.9, 138.7, 136.6,
136.5, 132.0, 126.8, 126.3, 126.1, 113.7, 108.9. HRMS (EI) [C12H10O+] calcd = 170.0726
found m/z = 170.0728.

2-Chloro-3-(4-vinylphenyl)pyridine (12)

N

Cl

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a brown solid, mp = 64 – 65 °C, yield (45 mg, 84%). 1H NMR (400 MHz,
CDCl3) δ 8.40 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 8.0 Hz, 1H), 7.51 – 7. 41 (m, 4H), 7.33 –
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7. 29 (m, 1H), 6.77 (dd, J = 16, 8.0 Hz, 1H), 5.83 (d, J = 20 Hz, 1H), 5.33 (d, J = 12 Hz,
1H).

13

C NMR (100 MHz, CDCl3) δ 149.8, 148.5, 139.7, 137.8, 136.9, 136.8, 136.3,

129.6, 126.3, 122.7, 114.9. HRMS (EI) [C13H10ClN + H+] calcd = 216.0575, found m/z =
216.0575.

2-(4-Vinylphenyl)benzofuran (13)

O

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to provide the desired
compound as a brown oil, yield (53.9 mg, 98%). 1H NMR (400 MHz, CDCl3) δ 7.92 (d,
J = 8.0 Hz, 2H), 7.68 (d, J = 8.0 Hz, 1H), 7.63 – 7.57 (m, 3H), 7.37 – 7.31 (m, 2H), 7.11
(s, 1H), 6.85 (dd, J = 16, 8.0 Hz, 1H), 5.91 (d, J = 16 Hz, 1H), 5.41 (d, J = 12 Hz, 1H).

13

C

NMR (100 MHz, CDCl3) δ 155.8, 155.0, 137.9, 136.4. 129.9, 129.4, 126.8, 125.2, 124.4,
123.0, 121.0, 114.6, 111.3, 101.5. HRMS (EI) [C16H12O+] calcd = 220.0883, found m/z =
220.0886.

1-((4'-(Trifluoromethyl)-[1,1'-biphenyl]-4-yl)methyl)-2-vinyl-1H-indole (14)

N
CF3

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to provide the desired

219

compound as a white solid, yield (78.2 mg, 83%). 1H NMR (400 MHz, CDCl3) δ 7.75 –
7.69 (m, 5H), 7.57 (d, J = 8.0 Hz, 2H), 7.34 – 7.32 (m, 1H), 7.24 – 7.18 (m, 4H), 6.88 (s,
1H), 6.81 (dd, J = 16, 12 Hz, 1H), 5.91 (d, J = 20 Hz, 1H), 5.53 (s, 2H), 5.39 (d, J = 16 Hz,
1H). 19F NMR (376 MHz, CDCl3): -63.0 ppm.

13

C NMR (100 MHz, CDCl3) δ 144.2,

139.0, 138.4, 138.0, 137.8, 129.5 (q, J = 33 Hz), 128.2, 127.8, 127.4, 126.8, 126.6, 125.9,
122.7 (q, J = 272 Hz), 122.3, 120.9, 120.4, 117.0, 109.7, 99.9, 46.4. HRMS (EI)
[C24H18F3N+] calcd = 377.1386, found (m/z) = 377.1387.

1-((4'-Chloro-[1,1'-biphenyl]-4-yl)methyl)-5-vinyl-1H-indole (15)

N
Cl

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a white solid, mp = 161 – 162 °C, yield (79 mg, 93%). 1H NMR (400 MHz,
CDCl3) δ 7.32 (s, 1H), 7.12 – 7.09 (m, 4H), 7.04 – 6.97 (m, 3H), 6.89 (d, J = 8.0 Hz, 1H),
6.82 – 6.78 (m, 3H), 6.49 (dd, J = 16, 8.0 Hz, 1H), 6.21 (d, J = 4.0 Hz, 1H), 5.35 (d, J = 20
Hz, 1H), 4.99 (s, 2H), 4.79 (d, J = 12 Hz, 1H).

13

C NMR (100 MHz, CDCl3) δ 139.5,

139.1, 137.9, 136.9, 136.3, 135.2, 133.6, 129.8, 129.1, 128.9, 128.4, 127.5, 127.4, 120.2,
119.6, 111.1, 109.9, 102.4, 50.0. HRMS (EI) [C23H18NCl + H+] calcd = 344.1201, found
m/z = 344.1202.

4-(Trifluoromethyl)-4'-((4-vinylphenoxy)methyl)-1,1'-biphenyl (16)
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CF3

O

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a white solid, mp = 173 – 174 °C, yield (77 mg, 87%). 1H NMR (400 MHz,
CDCl3) δ 7.70 (s, 4H), 7.62 (d, J = 8.0 Hz, 2H), 7.54 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 8.0
Hz, 2H), 6.96 (d, J = 8.0 Hz, 2H), 6.68 (dd, J = 16, 12 Hz, 1H), 5.63 (d, J = 20 Hz, 1H),
5.15 (d, J = 8.0 Hz, 3H). 19F NMR (376 MHz, CDCl3): -62.47 ppm. 13C NMR (100 MHz,
CDCl3) δ 158.6, 144.4, 139.6, 137.2, 136.3, 130.9, 129.6 (q, J = 32 Hz), 128.2, 127.64,
127.59, 127.52, 127.2 (q, J = 272 Hz), 125.9 (q, J = 3 Hz), 115.0, 111.9, 69.8. HRMS (EI)
[C22H17F3O + H+] calcd = 355.1304, found m/z = 355.1304.

4-Nitro-4'-((4-vinylphenoxy)methyl)-1,1'-biphenyl (17)

NO2

O

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a yellow solid, mp = 160 – 161 °C, yield (70 mg, 85%). 1H NMR (400 MHz,
CDCl3) δ 8.38 – 8.30 (m, 2H), 7.80 – 7.73 (m, 3H), 7.65 (d, J = 8.0 Hz, 2H), 7.57 (d, J =
8.0 Hz, 2H), 7.37 (d, J = 4.0 Hz, 2H), 6.96 (d, J = 8.0 Hz, 2H), 6.67 (dd, J = 20, 12 Hz,
1H), 5.63 (d, J = 20 Hz, 1H), 5.14 (d, J = 8.0 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ
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147.3, 138.6, 138.1, 136.3, 131.1, 128.5, 128.3, 128.0, 127.8, 127.6, 124.5, 124.3, 115,
112.1, 69.6. HRMS (EI) [C21H17NO3 + H+] calcd = 332.1281, found m/z = 332.1281.

4-Chloro-4'-((4-vinylphenoxy)methyl)-1,1'-biphenyl (18)

Cl

O

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a white solid, mp = 154 – 155 °C, yield (69 mg, 86%). 1H NMR (400 MHz,
CDCl3) δ 7.58 – 7.49 (m, 6H), 7.42 – 7.35 (m, 4H), 6.96 (d, J = 12 Hz, 2H), 6.67 (dd, J =
20, 12 Hz, 1H), 5.62 (d, J = 16 Hz, 1H), 5.15 – 5.11 (m, 3H). 13C NMR (100 MHz, CDCl3)
δ 158.6, 139.8, 139.3, 136.3, 133.6, 131.8, 130.9, 129.1, 128.5, 128.2, 127.6, 127.3, 115.0,
112.0, 69.8. HRMS (EI) [C21H17ClO + H+] calcd = 321.1041 found m/z = 321.1042.

4-Vinyl-4'-((4-vinylphenoxy)methyl)-1,1'-biphenyl (19)

O

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a light-yellow solid, mp = 174 – 175 °C, yield (77 mg, 98%). 1H NMR (400
MHz, CDCl3) δ 7.63 – 7.57 (m, 4H), 7.51 – 7.48 (m, 4H), 7.38 – 7.35 (m, 2H), 6.96 (d, J
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= 8.0 Hz, 2H), 6.78 – 6.64 (m, 2H), 5.81 (d, J = 20 Hz, 1H), 5.63 (d, J = 20 Hz, 1H), 5.28
(d, J = 12 Hz, 1H), 5.15 – 5.12 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 158.7, 140.7,
140.3, 136.9, 136.5, 136.3, 136.1, 130.9, 128.1, 127.6, 127.3, 126.8, 115.0, 114.1, 111.9,
70.6, 69.9. HRMS (EI) [C23H20O + H+] calcd = 313.1587, found m/z = 313.1589.

3-(4-((4-Vinylphenoxy)methyl)phenyl)furan (20)

O

O

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a white solid, mp = 158 – 159 °C, yield (50 mg, 73%). 1H NMR (400 MHz,
CDCl3) δ 7.74 (s, 1H), 7.52 – 7.43 (m, 5H), 7.36 (d, J = 12 Hz, 2H), 6.95 (d, J = 12 Hz,
2H), 6.71 – 6.63 (m, 2H), 5.62 (d, J = 16 Hz, 1H), 5.14 (d, J = 12 Hz, 1H), 5.08 (s, 2H).
13

C NMR (100 MHz, CDCl3) δ 158.6, 143.9, 138.8, 138.7, 136.3, 135.8, 132.3, 130.9,

128.2, 127.6, 126.2, 115.0, 111.9, 109, 7. HRMS (EI) [C19H16O2 + H+] calcd = 277.1223,
found m/z = 277.1224.

4'-((5-Vinyl-1H-indol-1-yl)methyl)-[1,1'-biphenyl]-4-carbaldehyde (21)

H

N

O
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The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a yellow solid, mp = 138 – 139 °C, yield (75 mg, 89%). 1H NMR (400 MHz,
CDCl3) δ 9.56 (s, 1H), 7.45 (d, J = 8.0 Hz, 2H), 7.22 – 7.20 (m, 3H), 7.07 (d, J = 8.0 Hz,
2H), 6.88 – 6.85 (m, 1H), 6.78 – 6.67 (m, 4H), 6.37 (dd, J = 20, 12 Hz, 1H), 6.11 (d, J =
4.0 Hz, 1H), 5.23 (d, J = 16 Hz, 1H), 4.88 (s, 2H), 4.68 (d, J = 12 Hz, 1H). 13C NMR (100
MHz, CDCl3) δ 192.0, 146.6, 139.1, 138.0, 137.9, 136.2, 135.3, 130.4, 129.8, 129.1, 128.9,
127.9, 127.6, 127.4, 120.2, 119.6, 111.2, 109.8, 102.4, 49.9. HRMS (EI) [C24H19NO + H+]
calcd = 338.1539, found m/z = 338.1540.

2-Methoxy-4-(2-(1-(4-nitrophenyl)vinyl)phenyl)pyridine (22)
N

OCH3

O2N

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a yellow oil, yield (58 mg, 71%). 1H NMR (400 MHz, CDCl3) δ 7.96 – 7.94
(m, 3H), 7.48 – 7.44 (m, 3H), 7.35 – 7.31 (m, 2H), 7.16 – 7.14 (m, 2H), 6.50 (d, J = 8.0
Hz, 1H), 5.76 (s, 1H), 5.54 (s, 1H), 3.85 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 163.1,
148.4, 147.7, 147.0, 146.7, 139.9, 139.2, 137.6, 131.1, 130.4, 130.0, 129.0, 128.1, 127.5,
123.4, 120.2, 110.0, 53.6. HRMS (EI) [C20H16N2O3 + H+] calcd = 333.1234, found m/z =
333.1236.
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1-Benzyl-5-(naphthalen-1-yl)-3-vinyl-1H-indole (23)

N

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a brown oil, yield (81 mg, 91%). 1H NMR (400 MHz, CDCl3) δ 8.01 – 7.86
(m, 4H), 7.55 – 7.22 (m, 12H), 6.91 (dd, J = 16, 12 Hz, 1H), 5.69 (d, J = 16 Hz, 1H), 5.37
(s, 2H), 5.15 (d, J = 12 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 141.5, 137.2, 136.7, 133.9,
133.0, 132.4, 129.2, 129.0, 128.3, 128.2, 128.0, 127.5, 127.3, 127.1, 126.7, 126.6, 126.0,
125.8, 125.5, 125.0, 121.8, 115.2, 110.8, 109.7, 50.4. HRMS (EI) [C27H21N + H+] calcd =
360.1747, found m/z = 360.1750.

1-Benzyl-5-(2-methoxyphenyl)-3-vinyl-1H-indole (24)
OCH3

N

The titled compound was obtained according to the general procedure C. The crude
product was purified by column chromatography over silica gel to obtain desired
compound as a yellow oil, yield (71 mg, 84%). 1H NMR (400 MHz, CDCl3) δ 8.02 (s,
1H), 7.40 (d, J = 8.0 Hz, 2H), 7.34 – 7.28 (m, 5H), 7.20 – 7.18 (m, 3H), 7.07 – 7.00 (m,
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2H), 6.90 (dd, J = 16, 12 Hz, 1H), 5.70 (d, J = 16 Hz, 1H), 5.30 (s, 2H), 5.15 (d, J = 12 Hz,
1H), 3.82 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 156.8, 149.9, 137.3, 136.5, 132.0, 131.5,
130.8, 129.4, 128.9, 128.1, 127.9, 127.1, 126.6, 124.5, 121.3, 120.9, 115.3, 111.3, 110.5,
109.4, 55.8, 50.3. HRMS (EI) [C24H21NO + H+] calcd = 340.1696, found m/z = 340.1700.
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MICELLES-ENABLED HYDROBORATION OF INTERNAL ALKYNES
5.1. Introduction
Vinyl boronates are key building blocks in organic synthesis due to the facile
conversion of carbon-boron bonds into various carbon-carbon and carbon-heteroatom
bonds. Vinyl boronates serve as coupling partners for the Suzuki-Miyaura cross-coupling
reaction,205 Petasis reaction,206 conjugate addition,207,208 and other transition metalcatalyzed transformations.209,210 Syntheses of alkenylboranes have been well established
(Scheme 5.1). Typically, they are often synthesized via hydroboration of terminal or
internal alkynes. Transition metal-catalyzed of Rh,211 Ru,212,213 Pd,214,215 Cu,216,217, Fe,218,219
Al,220,221 Co,222,223 or Mg,224 have been extensively employed to achieve such
transformations. The challenge of hydroboration of alkynes is to control the
regioselectivity. Many efforts have been devoted to achieving high regioselectivity of
terminal and internal alkynes. However, the borylation of unsymmetrical internal alkynes
still suffers from low selectivity.
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X
HB(OR)2
R1
a. Pd(0), base

M
B(OR)3

B(OR)2

d. M = Li, Si, Zn

R1

b. metathesis

R1

R1

B(OR)2

c. hydroboration
R1

HBR2

Scheme 5.1. Synthetic routes to alkenyl boronates: a) Pd-catalyzed halogen/boron
exchange;225 b) olefin metathesis;226 c) hydroboration;221,224 d) quenching of alkenyl
metal species.227
Early work on hydroboration of acetylenic esters to afford Z-boronates was reported
by Aue.216 In 2012, Tsuji and co-workers developed a synthetic route to obtain selective 𝛼and 𝛽-vinyl boronate products by using two different catalytic species (Cu-H and Cu-B)
generated from borane reagents HBpin and B2pin2, respectively.228 The hydroboration of
propargylic functionalized internal alkynes bearing a variety of sulfur, oxygen, and
nitrogen groups are obtained in good-to-excellent yields. The 𝛽-selectivity relies on the
subtle electronic bias provided by a functional group at the propargylic position of the
alkyne substrate.229 Most recently, the Bidal group employed Cu(I)-NHC (NHC = Nheterocyclic carbene) complexes in the hydroboration of unsymmetrical internal alkynes.
Regioselectivity of 𝛼- and 𝛽-hydroboration were controlled using HBpin and B2pin2. In
addition, one-pot carboboration was reported under the same conditions. Moderate-toexcellent yields were observed in all cases.230
Although there have been many reports on aqueous reactions involving B2pin2, a very
few examples of the hydroboration of alkynes with B2pin2 in water have been
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developed.231,232 Herein, we report a highly-selective synthesis of the 𝛽-vinylboronate
products via copper-catalyzed hydroboration of unsymmetrical internal alkynes under mild
aqueous micellar conditions.
5.2. Results and discussion
Initial experiment was carried out using 1-phenyl-1-hexyne (1) as the benchmark
substrate using B2pin2 in the presence of Cu(OAc)2 (2 mol %), Pd(OAc)2 (1 mol %), PCy3
(7 mol %), and 3 wt % aq. PS-750-M at 45 °C. Under the standard condition, the desired
product (2b) was obtained in 68% GC-MS conversion after 4 hours, with the regioisomers
ratio 2𝛼:2𝛽 = 16:84 (entry 1, Table 5.1). Deborylation was observed in this case, which
may be the reason for the lower reaction yield. To improve the reaction yield and
regioselectivity, the amount of Pd loading were then checked. When 1000 ppm of Pd
loading was used, reaction yield was significant drop to 7% (entry 2). Increasing the Pd
loading to 5000 ppm led to the formation of the 𝛽-selective product in 72%. Surprisingly,
a high regioisomer ratio was observed, i.e., 2𝛼:2𝛽 = 6:94 with 5000 ppm of Pd (entry 3).
The reaction conversion was lower down to 40%, regioisomer 2𝛼:2𝛽 = 10:90 when 2 mol
% of Pd loading was employed, indicating that higher amount of Pd causes
hydrodeboration and lower reaction yield (entry 4). Therefore, 5000 ppm is sufficient for
the catalytic reactivity of hydroboration.
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Table 5.1. Optimization of Pd loadinga

O

B2pin2
1

a

Cu(OAc)2 (2 mol %)
Pd(OAc)2 (x mol %)

B

O

H
H

PCy3 (7 mol %)
3 wt % aq. PS-750-M (1 mL)

2a

O
B

O

2b

entry

Pd loading

yield (%)b

2a:2b(𝛼:𝛽)b

1

1 mol %

68

16:84

2

1000 ppm

7

n.d

3

5000 ppm

72

6:94

4

2 mol %

40

10:90

Conditions: 1 (0.25 mmol, 39.5 mg), B2pin2 (0.3 mmol, 76.2 mg), Cu(OAc)2 (2 mol %,

0.91 mg), Pd(OAc)2 (x mol %), PCy3 (7 mol %, 4.9 mg), 1 mL 3 wt % aq. PS-750-M, 45
°C, 4 h. bYields determined by GCMS, based on alkyne remaining. bRatio 𝛼:𝛽 regioisomers
determined by GC-MS.

Various ligands were then screened (Table 5.2). Ligands SPhos, XPhos, and PPh3 were
found to be ineffective for this transformation (entries 1-3). Both reaction yield and
regioselectivity were significantly decreased when these ligands were used. Therefore,
PCy3 is the optimal ligand (entry 4).
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Table 5.2. Optimization of liganda

O

B2pin2
1

B

Cu(OAc)2 (2 mol %)
Pd(OAc)2 (5000 ppm)

O

H

O
B

H

ligand (7 mol %)
3 wt % aq. PS-750-M (1 mL)

2a

O

2b

entry

ligand

yield (%)b

2a:2b(𝛼:𝛽)b

1

SPhos

7

24:76

2

XPhos

50

79:21

3

PPh3

38

25:75

4

PCy3

62

6:94

a

Conditions: 1 (0.25 mmol, 39.5 mg), B2pin2 (0.3 mmol, 76.2 mg), Cu(OAc)2 (2 mol %,
0.91 mg), Pd(OAc)2 (5000 ppm, ligand (7 mol %), 1 mL 3 wt % aq. PS-750-M, 45 °C, 4 h.
b
Yields determined by GCMS, based on alkyne remaining. bRatio 𝛼:𝛽 regioisomers
determined by GC-MS.
After optimized conditions, we checked the catalytic activity on another substrate 3
containing pyridyl ring. We found that product 3b was obtained in excellent yield (83%
isolated yield) and only traces of another isomer was seen in GC-MS analysis.
H

B2pin2

N

Cu(OAc)2 (2 mol %)
Pd(OAc)2 (5000 ppm)
PCy3 (7 mol %)
3 wt % aq. PS-750-M (1 mL)

3

O
B

O

N

3b 83% (4 h)
(>99:1)

Scheme 5.2. Catalytic activity test on pyridyl-containing substrate.
With optimization conditions in hand, we started to explore substrate scope. Later, we
found that the same standard reaction could be achieved with better reactivity and
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regioselectivity without the need of Pd(OAc)2. Keeping the same amount of Cu(OAc)2 and
PCy3, the product 2b was obtained in 100% conversion, regioisomer 2𝛼:2𝛽 = 3:97 by
adding 2.0 equiv. of K3PO4 (entry 1, Table 5.3). This route provides a better reactivity and
selectivity compared to the prior one. Therefore, we choose the latter method to continue
our study on selective hydroboration of internal alkynes. To enhance the regioselectivity,
different bases were then screened. The use of Na2CO3 and Cs2CO3 increased the selectivity
to 2𝛼:2𝛽 = 2:98 and 1:99, respectively (entries 2-3). However, the reaction yields were
decreased to 90% and 87%, respectively. When KOAc was used as a base, both reactivity
and selectivity were decreased (entry 4). Strong base like t-BuOK did not improve the
regioselectivity (entry 5). Surprisingly, 100% conversion and high regioselectivity 2𝛼:2𝛽
= 2:98 was observed in case of K2CO3 (entry 6). Since the best result was achieved with
K2CO3, it was selected for further studies.
Next, we tested different Cu sources (Table 5.4). Without Cu catalyst, there was no
reaction, indicating the need of Cu for catalytic reactivity (entry 1, Table 5.4). The use of
Cu(I), such as, CuI and CuCl result in lower conversion to the desired product (entries 23). Changing Cu(I) to Cu(II) source led to the formation of product in excellent yield
(entries 4-5). A same reaction conversion and regioselectivity were observed with
Cu(CH3CN)4PF6 and Cu(OAc)2. Since Cu(OAc)2 is cheaper than Cu(CH3CN)4PF6, it was
chosen for the detailed studies.
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Table 5.3. Optimization of basesa

O

B2pin2
1

Cu(OAc)2 (2 mol %)
PCy3 (7 mol %)

B

O

H
H

base (2.0 equiv.)
3 wt % aq. PS-750-M (1 mL)

2a

O

2b

entry

base

yield (%)b

2a:2b(𝛼:𝛽)b

1

K3PO4

100

3:97

2

Na2CO3

90

2:98

3

Cs2CO3

87

1:99

4

KOAc

76

4:96

5

t-KOBu

100

3:97

6

K2CO3

100

2:98

a

O
B

Conditions: 1 (0.25 mmol, 39.5 mg), B2pin2 (0.3 mmol, 76.2 mg), Cu(OAc)2 (2 mol %,
0.91 mg), PCy3 (7 mol %, 4.9 mg), base (2.0 equiv.), 1 mL 3 wt % aq. PS-750-M, 45 °C, 4
h. bYields determined by GCMS, based on alkyne remaining. bRatio 𝛼:𝛽 regioisomers
determined by GC-MS.
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Table 5.4. Optimization of [Cu] sourcesa

O

B2pin2
1

B

[Cu] (2 mol %)
PCy3 (7 mol %)

O

H
H

K2CO3 (2.0 equiv.)
3 wt % aq. PS-750-M (1 mL)

2a

O
B

O

2b

entry

[Cu]

yield (%)b

2a:2b(𝛼:𝛽)b

1

-

n.r

n.r

2

CuI

96

3:97

3

CuCl

93

3:97

4

Cu(CH3CN)4PF6

100

2:98

5

Cu(OAc)2

100

2:98

a

Conditions: 1 (0.25 mmol, 39.5 mg), B2pin2 (0.3 mmol, 76.2 mg), [Cu] (2 mol %), PCy3
(7 mol %, 4.9 mg), K2CO3 (2.0 equiv.), 1 mL 3 wt % aq. PS-750-M, 45 °C, 4 h. bYields
determined by GCMS, based on alkyne remaining. bRatio 𝛼:𝛽 regioisomers determined by
GC-MS.
Optimization of ligands were done by my labmate Deborah Ogulu. She will be
discussed it on her dissertation. She found that PCy3 was the best ligand for such
transformation. Therefore, the optimized conditions was: Cu(OAc)2 (2 mol %), PCy3 (7
mol %), and K2CO3 (2.0 equiv.) under 3 wt % aq. PS-750-M.

Substrate scope
As discussed at the beginning, all of examples were performed with the use of
Pd(OAc)2. After we found a better condition for this transformation, I did not get chance
to repeat all the substrates using Pd-free procedure. My labmate Deborah Ogulu continued
this project. She will update this work in her dissertation.
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Table 5.5. Substrate scopea

R1

R2

Cu(OAc)2 (2 mol %)
Pd(OAc)2 (5000 ppm), PCy3 (7 mol %)

B2pin2

H

O
B

R1

3 wt % aq. PS-750-M (1 mL), 45 °C

O

R2
Yield (%)b
(𝜶:𝜷)c

H

O
B

H

O
B

O

H

O
B

O

N

H

O
B

O

O

N

Cl

F
3b 83% (4 h)
(1:>99)

2b 70% (4 h)
(2:98)

H

O

N

O
B

H
O

O
B

H
O

O
B

H
O

S

NC

6b 82% (3 h)
(1:>99)

5b 58% (5 h)
(24:76)

4b 78% (3 h)
(4:96)

O

Cl

8b 81% (4 h)
(5:95)

7b 77% (5 h)
(3:97)

O
B

9b 65% (5 h)
(7:93)

a

Condition: internal alkynes (0.25 mmol), B2pin2 (1.2 equiv), Cu(OAc)2 (2 mol %),
Pd(OAc)2 (5000 ppm), PCy3 (7 mol %), 3 wt % PS-750-M (1 mL), argon, 45 °C. bIsolated
yield (%). cRatio (𝛽:𝛼) regioisomers determined by GC-MS.

As shown in Table 5.5, regioselectivity in the crude reaction mixtures (𝛼:𝛽) was
excellent, except for 5b, in which a ratio of 24:76 was found. All 𝛽-product were isolated
in good-to-excellent yields. Substrates bearing various functional groups, such as, chloro
(4b, 9b), fluoro (5b), methoxy (6b), and cyano (7b) were well-tolerated in moderate-togood conversions. Alkynes bearing pyridine (3b, 5b, 6b) and thiophene (8b) rings on the
acetylenic carbon atoms reacted with high regioselectivities and the 𝛽-products were
isolated in high yields. Since Pd causes the deborylation, we expect a better conversion and
regioselectivity in all examples with the use of base instead of Pd(OAc)2.
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5.3. Conclusion
We have developed a highly regioselective, copper-catalyzed hydroboration of
unsymmetrical internal alkynes under aqueous micelles. The 𝛽-hydroboration can be
achieved in two pathway: (i) using ppm level of Pd(OAc)2 with no base; (ii) using 2.0
equiv. of base with no Pd(OAc)2. This system brings a selective access to the important
building blocks that are boron derivatives under mild micellar condition.
5.4. Experimental data
I. General information
Unless otherwise specified, all reactions were carried out under oven-dried 4 mL glass vials
containing PTFE-coated magnetic stir bar. Solvent molarity listed in reaction schemes is
relative to the limiting reagent. All experiments were monitored by analytical thin-layer
chromatography (TLC) and GC-MS. After elution, plate was visualized under UV
illumination at 254 nm for UV active materials. Further visualization was achieved by
staining with alkaline KMnO4 and charring on a hot plate. Solvents were removed in a
vacuum and heated with a water bath at 40 °C. Silica gel 230-400 mesh was used for
column chromatography. Columns were packed as a slurry of silica gel in hexanes and
equilibrated with the appropriate solvent mixture before use.
TLC plates (UV 254 indicator, aluminum backed, standard grade silica gel, 230–400 mesh)
were supplied by Merck; silica gel (230-400 mesh) was purchased from Silicycle; sand was
purchased from Fisher Scientific. Dichloromethane, acetone, ethyl acetate, hexanes, and
HPLC-grade water were purchased from Fisher Scientific and used without further
purification. NMR solvents were obtained from Cambridge Isotopes Laboratories. Dry
solvents were prepared using standard procedures, surfactant solution PS-750-M was
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prepared in HPLC-grade water and thoroughly purged with argon. Aryl (alkyl) iodides, aryl
(alkyl) alkynes, and other reaction intermediates were purchased from Sigma-Aldrich or
Combi-Blocks.
All products were purified by flash chromatography using a Teledyne Isco CombiFlash Rf
150. GC-MS data was obtained using a Thermo Scientific Trace 1300 Gas Chromatograph
coupled with a Thermo Scientific ISQ-QD Single Quadrupole Mass Spectrometer. All
NMR spectra were recorded at 23 °C on Varian MR-400, Varian Unity INOVA 500, and
Varian VNMRS 700 spectrometers (400, 500, and 700 MHz, respectively). Reported
chemical shifts are referenced to residual solvent peaks. All HRMS data were recorded
using electrospray ionization (ESI) on a Thermo Electron MAT 95XP mass spectrometer.
II. Experimental procedures
Procedure A: Synthesis of starting materials
Br

Pd(OAc)2 (2 mol %)
cBRIDP (2 mol %)
K3PO4 (2.0 equiv.)
3 wt % aq. PS-750-M, 45°C

1

Scheme 5.3. Synthesis of hex-1-yn-1-ylbenzene (1).
Hex-1-yn-1-ylbenzene (1): In a 10 mL round-bottomed flask containing a PTFEcoated magnetic stir bar, Pd(OAc)2 (2 mol %, 8.96 mg), cBRIDP (2 mol %, 14.08 mg) were
added (Scheme 5.3). The reaction vessel was closed with a rubber septum and the septum
was wrapped with parafilm. The reaction mixture was evacuated and backfilled with argon
three times. 0.5 mL of dry THF was added to the reaction mixture. The mixture was then
stirred at 45 °C for 10 minutes. After 10 minutes, volatiles were removed under reduce
pressure to obtain a catalyst. To the vial containing catalyst, bromobenzene (2 mmol, 0.2
mL), hex-1-yne (2.2 mmol, 0.25 mL), K3PO4 (4.0 mmol, 849 mg) were added under argon
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atmosphere. 8 mL of 3 wt % aq. PS-750-M was added to the reaction mixture. The reaction
mixture was stirred at 45 °C until complete consumption of starting material.
After complete consumption of starting material as monitored by TLC and GC-MS,
the reaction mixture was cooled to rt. 4 mL EtOAc was added to the reaction mixture, and
the mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous layer. The organic layer was removed using a pipette.
An additional 2 mL EtOAc was added to the aqueous layer. The mixture was mixed, and
the organic layer was allowed to separate from the aqueous layer. Combined organic layers
were dried over anhydrous sodium sulfate. Volatiles were removed under reduced pressure
to obtain a semi-pure product, which was further purified by flash chromatography using
hexanes as eluent. Yield (246 mg, 78%) as yellow oil.
1

H NMR (400 MHz, CDCl3) δ 7.45 – 7.43 (m, 2H), 7.31 – 7.29 (m, 3H), 2.47 – 2.43 (m,

2H), 1.63 – 1.51 (m, 4H), 1.02 – 0.99 (m, 3H).
N
I

1-iodobutane

BuLi (1.05 equiv.)
THF, -78°C

N
3

Scheme 5.4. Synthesis of 2-(hept-1-yn-1-yl)pyridine (3).
2-(Hept-1-yn-1-yl)pyridine (3): A 25 mL oven-dried round-bottomed flask
containing a PTFE-coated magnetic stir bar was sealed with a rubber septum, and the
septum was wrapped with parafilm. The reaction flask was evacuated and backfilled with
argon three times. 10 mL of dry THF was added to the reaction flask. Then 2ethynylpyridine (5 mmol, 0.5 mL) was added under argon atmosphere. The mixture was
stirred for 5 minutes at rt, then cooled down to -78 °C (Scheme 5.4). To the reaction
mixture, a solution of 2.5M BuLi (5.25 mmol, 2.1 mL) was slowly added for 0.5 hour. The
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reaction mixture was then stirred for 1 hour at -78 °C. After 1 hour, 1-iodobutane (5.5
mmol, 0.63 mL) was slowly added to the reaction mixture for 0.5 hour at -78 °C. The
reaction mixture was stirred at rt until complete consumption of starting material.
After complete consumption of starting material as monitored by TLC and GC-MS.
Reaction mixture was quenched with saturated ammonium chloride. Volatiles were
removed under reduced pressure. Then, 5 mL of EtOAc and 5 mL DI-H2O was added to
the reaction mixture, and the mixture was stirred for a minute at rt. Stirring was stopped,
and the organic layer was allowed to separate from the aqueous layer. To the aqueous layer,
5 mL EtOAc was added. The mixture was mixed and allowed to separate. The organic layer
was removed using a pipette. Combined organic layer was dried over anhydrous sodium
sulfate. Volatiles were removed under reduced pressure to obtain a semi-pure product,
which was further purified by flash chromatography using hexanes as eluent. Yield (623
mg, 72%) as yellow oil.
1

H NMR (400 MHz, CDCl3) δ 8.51 (d, J = 4.0 Hz, 1H), 7.57 (t, J = 8.0 Hz, 1H), 7.33 (d,

J = 8.0 Hz, 1H), 7.15 – 7.12 (m, 1H), 2.43 – 2.40 (m, 2H), 1.61 – 1.56 (m, 2H), 1.49 – 1.43
(m, 2H), 0.91 (t, J = 8 Hz, 3H).
I

Cl

Pd(OAc)2 (2 mol %)
cBRIDP (2 mol %)
K3PO4 (2.0 equiv.)
Cl
3 wt % aq. PS-750-M, 45°C

4

Scheme 5.5. Synthesis of 1-chloro-4-(hex-1-yn-1-yl)benzene (4).
1-Chloro-4-(hex-1-yn-1-yl)benzene (4): In a 10 mL round-bottomed flask containing
a PTFE-coated magnetic stir bar, Pd(OAc)2 (2 mol %, 4.48 mg) and cBRIDP (2 mol %,
7.04 mg) were added (Scheme 5.5). The reaction vessel was closed with a rubber septum
and the septum was wrapped with parafilm. The reaction mixture was evacuated and
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backfilled with argon three times. 0.3 mL of dry THF was added to the reaction mixture.
The mixture was then stirred at 45 °C for 10 minutes. After 10 minutes, volatiles were
removed under reduce pressure to obtain a catalyst. To the vial containing catalyst, 1chloro-4-iodobenzene (1 mmol, 238 mg), hex-1-yne (1.1 mmol, 0.12 mL), K3PO4 (2.0
mmol, 424.5 mg) were added under argon atmosphere. 4 mL of 3 wt % aq. PS-750-M was
added to the reaction mixture. The reaction mixture was stirred at 45 °C until complete
consumption of starting material.
After complete consumption of starting material as monitored by TLC and GC-MS,
the reaction mixture was cooled to rt. 2 mL EtOAc was added to the reaction mixture, and
the mixture was stirred for a minute at rt. Stirring was stopped and the organic layer was
allowed to separate from the aqueous layer. The organic layer was removed using a pipette.
An additional 2 mL EtOAc was added to the aqueous layer. The mixture was mixed, and
the organic layer was allowed to separate from the aqueous layer. Combined organic layers
were dried over anhydrous sodium sulfate. Volatiles were removed under reduced pressure
to obtain a semi-pure product, which was further purified by flash chromatography using
hexanes as eluent. Yield (132.5 mg, 69%) as yellow oil.
1

H NMR (400 MHz, CDCl3) δ 7.55 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 2.42 (t,

J = 4.0 Hz, 2H), 1.60 – 1.57 (m, 2H), 1.48 – 1.44 (m, 2H), 0.94 (d, J = 4.0 Hz, 3H).
Br

N
F

Pd(OAc)2 (2 mol %)
cBRIDP (2 mol %)
K3PO4 (2.0 equiv.)
3 wt % aq. PS-750-M, 45°C

N
F

Scheme 5.6. Synthesis of 2-fluoro-4-(hex-1-yn-1-yl)pyridine (5).
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5

2-Fluoro-4-(hex-1-yn-1-yl)pyridine (5): In a 10 mL round-bottomed flask containing
a PTFE-coated magnetic stir bar, Pd(OAc)2 (2 mol %, 4.48 mg), cBRIDP (2 mol %, 7.04
mg) were added (Scheme 5.6). The reaction vessel was closed with a rubber septum and
the septum was wrapped with parafilm. The reaction mixture was evacuated and backfilled with argon three times. 0.3 mL of dry THF was added to the reaction mixture. The
mixture was then stirred at 45 °C for 10 minutes. After 10 minutes, volatiles were removed
under reduce pressure to obtain a catalyst. To the vial contain catalyst, 4-bromo-2fluoropyridine (1.0 mmol, 0.1 mL), hex-1-yne (1.1 mmol, 0.12 mL), K3PO4 (2.0 mmol,
424.5 mg) were added under argon atmosphere. 4 mL of 3 wt % aq. PS-750-M was added
to the reaction mixture. The reaction mixture was stirred at 45 °C until complete
consumption of starting material.
After complete consumption of starting material as monitored by TLC and GCMS, the
reaction mixture was cooled to rt. 2 mL EtOAc was added to the reaction mixture, and the
mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous layer. The organic layer was removed using a pipette.
An additional 2 mL EtOAc was added to the aqueous layer. The mixture was mixed, and
the organic layer was allowed to separate from the aqueous layer. Combined organic layers
were dried over anhydrous sodium sulfate. Volatiles were removed under reduced pressure
to obtain a semi-pure product, which was further purified by flash chromatography using
hexanes as eluent. Yield (95.6 mg, 54%) as yellow oil.
1

H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 8.0 Hz, 1H), 7.11 (d, J = 4.0 Hz, 1H), 6.87 (s,

1H), 2.43 – 2.40 (m, 2H), 1.60 – 1.56 (m, 2H), 1.48 – 1.44 (m, 2H), 0.95 – 0.92 (m, 3H).
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O

N

Br

Pd(OAc)2 (2 mol %)
cBRIDP (2 mol %)

O

K3PO4 (2.0 equiv.)
3 wt % aq. PS-750-M, 45°C

N
6

Scheme 5.7. Synthesis of 2-(3-cyclopentylprop-1-yn-1-yl)-6-methoxypyridine (6).
2-(3-Cyclopentylprop-1-yn-1-yl)-6-methoxypyridine (6): In a 10 mL roundbottomed flask containing a PTFE-coated magnetic stir bar, Pd(OAc)2 (2 mol %, 4.48 mg),
cBRIDP (2 mol %, 7.04 mg) were added (Scheme 5.7). The reaction vessel was closed with
a rubber septum and the septum was wrapped with parafilm. The reaction mixture was
evacuated and back-filled with argon three times. 0.3 mL of dry THF was added to the
reaction mixture. The mixture was then stirred at 45 °C for 10 minutes. After 10 minutes,
volatiles were removed under reduce pressure to obtain a catalyst. To the vial contain
catalyst, 2-bromo-6-methoxypyridine (1.0 mmol, 0.12 mL), prop-2-yn-1-ylcyclopentane
(1.1 mmol, 0.14 mL), K3PO4 (2.0 mmol, 424.5 mg) were added under argon atmosphere.
4 mL of 3 wt % aq. PS-750-M was added to the reaction mixture. The reaction mixture
was stirred at 45 °C until complete consumption of starting material.
After complete consumption of starting material as monitored by TLC and GCMS, the
reaction mixture was cooled to rt. 2 mL EtOAc was added to the reaction mixture, and the
mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous layer. The organic layer was removed using a pipette.
An additional 2 mL EtOAc was added to the aqueous layer. The mixture was mixed, and
the organic layer was allowed to separate from the aqueous layer. Combined organic layers
were dried over anhydrous sodium sulfate. Volatiles were removed under reduced pressure
to obtain a semi-pure product, which was further purified by flash chromatography using
hexanes as eluent. Yield (160 mg, 74.4%) as yellow oil.
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1

H NMR (400 MHz, CDCl3) δ 7.48 – 7.45 (m, 1H), 6.98 (d, J = 4.0 Hz, 1H), 6.54 (d, J =

8.0 Hz, 1H), 3.94 (s, 3H), 2.44 (d, J = 4.0 H, 2H), 2.19 – 2.13 (m, 1H), 1.86 – 1.83 (m 2H),
1.68 – 1.55 (m, 4H), 1.38 – 1.31 (m, 2H).
Br

NC

Pd(OAc)2 (2 mol %)
cBRIDP (2 mol %)

NC
K3PO4 (2.0 equiv.)
3 wt % aq. PS-750-M, 45°C

7

Scheme 5.8. Synthesis of 2-(4-(3-cyclopentylprop-1-yn-1-yl)phenyl)acetonitrile (7).
2-(4-(3-cyclopentylprop-1-yn-1-yl)phenyl)acetonitrile (7): In a 10 mL roundbottomed flask containing a PTFE-coated magnetic stir bar, Pd(OAc)2 (2 mol %, 4.48 mg),
cBRIDP (2 mol %, 7.04 mg) were added (Scheme 5.8). The reaction vessel was closed with
a rubber septum and the septum was wrapped with parafilm. The reaction mixture was
evacuated and back-filled with argon three times. 0.3 mL of dry THF was added to the
reaction mixture. The mixture was then stirred at 45 °C for 10 minutes. After 10 minutes,
volatiles were removed under reduce pressure to obtain a catalyst. To the vial contain
catalyst, 2-(4-bromophenyl)acetonitrile (1.0 mmol, 196 mg), prop-2-yn-1-ylcyclopentane
(1.1 mmol, 0.14 mL), K3PO4 (2.0 mmol, 424.5 mg) were added under argon atmosphere.
4 mL of 3 wt % aq. PS-750-M was added to the reaction mixture. The reaction mixture
was stirred at 45 °C until complete consumption of starting material.
After complete consumption of starting material as monitored by TLC and GCMS, the
reaction mixture was cooled to rt. 2 mL EtOAc was added to the reaction mixture, and the
mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous layer. The organic layer was removed using a pipette.
An additional 2 mL EtOAc was added to the aqueous layer. The mixture was mixed, and
the organic layer was allowed to separate from the aqueous layer. Combined organic layers
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were dried over anhydrous sodium sulfate. Volatiles were removed under reduced pressure
to obtain a semi-pure product, which was further purified by flash chromatography using
hexanes as eluent. Yield (54 mg, 24%) as yellow oil.
1

H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 3.73 (s,

2H), 2.41 (d, J = 4.0 Hz, 2H), 2.17 – 2.10 (m, 1H), 1.86 – 1.82 (m, 2H), 1.68 – 1.55 (m,
4H), 1.37 – 1.32 (m, 2H).

I
S

Pd(OAc)2 (2 mol %)
cBRIDP (2 mol %)
K3PO4 (2.0 equiv.)
3 wt % aq. PS-750-M, 45°C

S

8

Scheme 5.9. Synthesis of 2-(3-cyclohexylprop-1-yn-1-yl)thiophene (8).
2-(3-Cyclohexylprop-1-yn-1-yl)thiophene (8): In a 10 mL round-bottomed flask
containing a PTFE-coated magnetic stir bar, Pd(OAc)2 (2 mol %, 4.48 mg), cBRIDP (2
mol %, 7.04 mg) were added (Scheme 5.9). The reaction vessel was closed with a rubber
septum and the septum was wrapped with parafilm. The reaction mixture was evacuated
and back-filled with argon three times. 0.3 mL of dry THF was added to the reaction
mixture. The mixture was then stirred at 45 °C for 10 minutes. After 10 minutes, volatiles
were removed under reduce pressure to obtain a catalyst. To the vial contain catalyst, 2iodothiophene (1.0 mmol, 0.12 mL), prop-2-yn-1-ylcyclohexane (1.1 mmol, 0.15 mL),
K3PO4 (2.0 mmol, 424.5 mg) were added under argon atmosphere. 4 mL of 3 wt % aq. PS750-M was added to the reaction mixture. The reaction mixture was stirred at 45 °C until
complete consumption of starting material.
After complete consumption of starting material as monitored by TLC and GCMS, the
reaction mixture was cooled to rt. 2 mL EtOAc was added to the reaction mixture, and the
mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
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allowed to separate from the aqueous layer. The organic layer was removed using a pipette.
An additional 2 mL EtOAc was added to the aqueous layer. The mixture was mixed, and
the organic layer was allowed to separate from the aqueous layer. Combined organic layers
were dried over anhydrous sodium sulfate. Volatiles were removed under reduced pressure
to obtain a semi-pure product, which was further purified by flash chromatography using
hexanes as eluent. Yield (153.4 mg, 75%) as yellow oil.
1

H NMR (400 MHz, CDCl3) δ 7.16 (d, J = 8.0 Hz, 1H), 7.12 (d, J = 4.0 Hz, 1H), 6.93 (t,

J = 4.0 Hz, 1H), 2.32 (d, J = 8.0 Hz, 2H), 1.87 – 1.54 (m, 6H), 1.32 – 1.03 (m, 5H).
I

Cl

Pd(OAc)2 (2 mol %)
cBRIDP (2 mol %)
K3PO4 (2.0 equiv.)
Cl
3 wt % aq. PS-750-M, 45°C

9

Scheme 5.10. Synthesis of 1-chloro-4-(3-cyclohexylprop-1-yn-1-yl)benzene (9).
1-Chloro-4-(3-cyclohexylprop-1-yn-1-yl)benzene (9): In a 10 mL round-bottomed
flask containing a PTFE-coated magnetic stir bar, Pd(OAc)2 (2 mol %, 4.48 mg), cBRIDP
(2 mol %, 7.04 mg) were added (Scheme 5.10). The reaction vessel was closed with a
rubber septum and the septum was wrapped with parafilm. The reaction mixture was
evacuated and backfilled with argon three times. 0.3 mL of dry THF was added to the
reaction mixture. The mixture was then stirred at 45 °C for 10 minutes. After 10 minutes,
volatiles were removed under reduce pressure to obtain a catalyst. To the vial contain
catalyst, 1-chloro-4-iodobenzene (1 mmol, 238 mg), prop-2-yn-1-ylcyclohexane (1.1
mmol, 0.15 mL), K3PO4 (2.0 mmol, 424.5 mg) were added under argon atmosphere. 4 mL
of 3 wt % aq. PS-750-M was added to the reaction mixture. The reaction mixture was
stirred at 45 °C until complete consumption of starting material.
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After complete consumption of starting material as monitored by TLC and GCMS, the
reaction mixture was cooled to rt. 2 mL EtOAc was added to the reaction mixture, and the
mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous layer. The organic layer was removed using a pipette.
An additional 2 mL EtOAc was added to the aqueous layer. The mixture was mixed, and
the organic layer was allowed to separate from the aqueous layer. Combined organic layers
were dried over anhydrous sodium sulfate. Volatiles were removed under reduced pressure
to obtain a semi-pure product, which was further purified by flash chromatography using
hexanes as eluent. Yield (192.6 mg, 82.9%) as yellow oil.
1

H NMR (400 MHz, CDCl3) δ 7.32 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 2.29 (d,

J = 8.0 Hz, 2H), 1.85 – 1.54 (m, 6H), 1.30 – 1.04 (m, 5H).
Procedure B: General procedure for catalytic reaction using Pd(OAc)2
In a 4 mL reaction vial containing PTFE-coated stir bar, Cu(OAc)2 (2 mol %, 0.9 mg),
Pd(OAc)2 (5000 ppm, 0.28 mg), PCy3 (7 mol %, 4.9 mg) were added. The reaction vial
was sealed with a rubber septum, and the septum was wrapped with parafilm. The reaction
mixture was back filled with argon three times. 0.1 mL of dry THF was added to the
reaction mixture. The mixture was then stirred at 45 °C for 10 minutes. After 10 minutes,
volatiles were removed under reduce pressure to obtain a catalyst. To the vial contain
catalyst, internal alkynes (0.25 mmol), B2pin2 (0.3 mmol, 82.5 mg) were added under argon
atmosphere. 1 mL of 3 wt % aq. PS-750-M was added to the reaction mixture. The reaction
mixture was stirred at 45 °C until complete consumption of starting material.
After complete consumption of starting material as monitored by TLC and GCMS, the
reaction mixture was cooled to rt. 1 mL EtOAc was added to the reaction mixture, and the
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mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous layer. The organic layer was removed with the use of
a pipette. Similarly, an additional extraction procedure was employed. Combined organic
layers were dried over anhydrous sodium sulfate. Volatiles were removed under reduced
pressure to obtain a semi-pure product, which was further purified by flash chromatography
using EtOAc/hexanes as eluent.
Procedure C: General procedure for catalytic reaction using K2CO3
In a 4 mL reaction vial containing PTFE-coated stir bar, Cu(OAc)2 (2 mol %, 0.9 mg),
PCy3 (7 mol %, 4.9 mg) were added. The reaction vial was sealed with a rubber septum,
and the septum was wrapped with parafilm. The reaction mixture was back-filled with
argon three times. 0.1 mL of dry THF was added to the reaction mixture. The mixture was
then stirred at 45 °C for 10 minutes. After 10 minutes, volatiles were removed under reduce
pressure to obtain a catalyst. To the vial contain catalyst, internal alkynes (0.25 mmol),
B2pin2 (0.3 mmol, 82.5 mg), K2CO3 (0.5 mmol, 41.4 mg) were added under argon
atmosphere. 1 mL of 3 wt % aq. PS-750-M was added to the reaction mixture. The reaction
mixture was stirred at 45 °C until complete consumption of starting material.
After complete consumption of starting material as monitored by TLC and GCMS, the
reaction mixture was cooled to rt. 1 mL EtOAc was added to the reaction mixture, and the
mixture was stirred for a minute at rt. Stirring was stopped, and the organic layer was
allowed to separate from the aqueous layer. The organic layer was removed with the use of
a pipette. Similarly, an additional extraction procedure was employed. Combined organic
layers were dried over anhydrous Na2SO4. Volatiles were removed under reduced pressure
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to obtain a semi-pure product, which was further purified by flash chromatography using
EtOAc/hexanes as eluent.
III. Compound characterization
(Z)-4,4,5,5-tetramethyl-2-(1-phenylhex-1-en-2-yl)-1,3,2-dioxaborolane (2b)228
H

O
B

O

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a yellow oil, yield 70% (50.1 mg); Rf = 0.5 (hexanes); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.32 – 7.31 (m, 4H), 7.25 – 7.21 (m, 2H), 2.37 (t, J = 8.0 Hz, 2H), 1.48 –
1.44 (m, 2H), 1.36 – 1.26 (m, 14H), 0.88 (t, J = 8.0 Hz, 3H).

(Z)-2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-1-en-1-yl)pyridine (3b)233
H

O
B

O

N

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a light green oil, yield 83% (59.6 mg); Rf = 0.28 (EtOAc:hexanes = 1:19); 1H
NMR (400 MHz, CDCl3) δ (ppm) 8.60 (d, J = 4.0 Hz, 1H), 7.61 (t, J = 8.0 Hz, 1H), 7.26
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(d, J = 8.0 Hz, 1H), 7.20 (s, 1H), 7.10 – 7.07 (m, 1H), 2.61 (t, J = 8.0 Hz, 2H), 1.46 – 1.42
(m, 2H), 1.34 – 1.28 (m, 14H), 0.86 (t, J = 8.0 Hz, 3H).

(Z)-2-(1-(4-chlorophenyl)hex-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(4b)234
H

O
B

O

Cl

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a yellow oil, yield 78% (62.4 mg); Rf = 0.41 (EtOAc:hexanes = 1:19); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.29 – 7.21 (m, 4H), 7.12 (s, 1H), 2.32 (t, J = 8.0 Hz,
2H), 1.43 – 1.25 (m, 16H), 0.86 (t, J = 8.0 Hz, 3H).

(Z)-2-fluoro-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hex-1-en-1-yl)pyridine
(5b)
H

O
B

O

N
F

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a brown oil, yield 58% (44 mg); Rf = 0.28 (EtOAc:hexanes = 1:19); 1H NMR

275

(400 MHz, CDCl3) δ (ppm) 8.16 (d, J = 4.0 Hz, 1H), 7.06 (d, J = 4.0 Hz, 2H), 6.80 (s, 1H),
2.33 (t, J = 8.0 Hz, 2H), 1.45 – 1.41 (m, 2H), 1.34 – 1.28 (m, 14H), 0.89 – 0.85 (m, 3H).
13

C NMR (101 MHz, CDCl3) δ 147.5 (d, J = 15 Hz), 137.4, 121.4, 108.9 (d, J = 37 Hz),

83.9, 60.5, 32, 29.5, 24.9, 22.8, 21.2, 14.3, 14.1. HRMS (EI) [C17H25BFNO2+] calcd =
305.1962, found m/z = 305.1964.

(Z)-2-(3-cyclopentyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)prop-1-en-1-yl)6-methoxypyridine (6b)
H

O

N

O
B

O

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a yellow oil, yield 83% (76.7 mg); Rf = 0.35 (EtOAc:hexanes = 1:19); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.51 (t, J = 8.0 Hz, 1H), 7.05 (s, 1H), 6.86 (d, J = 8.0
Hz, 1H), 6.58 (d, J = 8.0 Hz, 1H), 3.94 (s, 3H), 2.97 (d, J = 8.0 Hz, 2H), 2.14 – 2.10 (m,
1H), 1.69 – 1.19 (m, 20H). 13C NMR (101 MHz, CDCl3) δ 163.2, 154.7, 139.5, 138.6,
118.9, 109.4, 83.6, 53.6, 41.2, 34.9, 32.6, 29.9, 25.2, 24.9. HRMS (EI) [C20H30BNO3 +
H]+ calcd = 344.2392, found m/z = 344.2397.

(Z)-2-(4-(3-cyclopentyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)prop-1-en-1yl)phenyl)acetonitrile (7b)
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H

O
B

O

NC

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a yellow solid, yield 83% (67.6 mg); Rf = 0.42 (EtOAc:hexanes = 1:19); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.34 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 7.18
(s, 1H), 3.74 (s, 2H), 2.40 (d, J = 8.0 Hz, 2H), 2.02 – 1.98 (m, 1H), 1.72 – 1.67 (m, 2H),
1.56 – 1.43 (m, 5H), 1.31 – 1.25 (m, 13H), 1.14 – 1.07 (m, 2H). 13C NMR (101 MHz,
CDCl3) δ 140.9, 138.2, 129.9, 128.4, 127.8, 117.9, 83.7, 40.9, 35.0, 32.7, 29.9, 25, 24.9,
23.6. HRMS (EI) [C22H30BNO2+] calcd = 351.2368, found m/z = 351.2368.

(Z)-2-(3-cyclohexyl-1-(thiophen-2-yl)prop-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2dioxaborolane (8b)
H

O
B

O

S

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a brown oil, yield 81% (67.3 mg); Rf = 0.46 (EtOAc:hexanes = 1:19); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.38 (s, 1H), 7.33 (d, J = 4.0 Hz, 1H), 7.13 (d, J = 4.0
Hz, 1H), 7.02 (t, J = 4.0 Hz, 1H), 2.44 (d, J = 8.0 Hz, 2H), 1.78 – 1.59 (m, 8H), 1.37 – 1.04
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(m, 15H). 13C NMR (101 MHz, CDCl3) δ 141.1, 134.7, 130, 126.9, 126.7, 83.6, 38.5, 37.6,
33.8, 29.9, 26.8, 26.6, 24.9. HRMS (EI) [C19H29BO2S+] calcd = 332.1979, found m/z =
332.1974.

(Z)-2-(1-(4-chlorophenyl)-3-cyclohexylprop-1-en-2-yl)-4,4,5,5-tetramethyl-1,3,2dioxaborolane (9b)
H

O
B

O

Cl

The titled compound was obtained according to the general procedure B. The crude
product was purified by silica gel column chromatography to provide the desired
compound as a brown solid, yield 65% (63 mg); Rf = 0.39 (EtOAc:hexanes = 1:19); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.16 – 7.09 (m, 4H), 7.02 (s, 1H), 2.13 (d, J = 4.0 Hz,
2H), 1.52 – 1.35 (m, 5H), 1.16 – 0.98 (m, 15H), 0.74 – 0.69 (m, 3H). 13C NMR (101 MHz,
CDCl3) δ 141, 136.7, 132.8, 130.6, 128.4, 83.6, 38.6, 36.8, 33.6, 29.9, 26.7, 26.6, 24.9.
HRMS (EI) [C21H30BClO2+] calcd = 360.2026, found m/z = 360.2024.
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IV. NMR spectra
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CONCLUSIONS
We have developed PS-750-M surfactant and successfully applied it in various useful
organic transformations such as 𝛼-arylation of nitroarenes, sulfonylation of
polyfluoroarenes, Suzuki-Miyuara cross-couplings of quinolines, fluorination of indoles,
Buchwald-Hartwig aminations, amide couplings, and other reactions. Normally such
reactions demand toxic anhydrous organic solvents such as THF, DMF, NMP, etc. With the
shielding effect of micelles derived from PS-750-M, reaction intermediates and catalysts
can be protected from water and oxygen for desired catalytic activity and reaction
pathways.
Novel catalysts, such as Pd NPs, Cu-PDI, trimetallic Pd-Cu-Mn NPs, and bimetallic
Cu-Pd were developed and utilized for carbenes migratory insertion, oxidation of benzylic
alcohol to aldehyde, selective SM cross-couplings, and hydroboration of unsymmetrical
internal alkynes reactions, respectively. All catalysts are stable and easily to prepare.
The cross-coupling reactions involve a highly reactive carbene intermediate could be
performed in water under mild micellar conditions. No dimerization byproduct was
observed in all cases. In addition, the nanocatalysts and aqueous media can be recycled and
reused up to four times without significant loss in activity.
Under visible-light irradiation, the heterogeneous Cu-PDI was effectively oxidized
benzylic alcohols to aldehyde compounds in good-to-excellent yields without over-
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oxidation. The catalyst is easily recovered and recyclable. This methodology is applicable
for both aromatic and heteroaromatic alcohols and is scalable.
Functionalized biaryl styrenes derivatives were synthesized through SM crosscoupling reactions using trimetallic Pd-Cu-Mn NPs under aqueous micelles conditions.
This NPs is activated only at the halide center of aryl halide containing terminal olefins
resulting in the formation of SM coupling products and leaving the terminal olefins
unreacted. The cross-coupling reactions were fast and selective. No polymeric byproducts
were observed in all examples.
Finally, a bimetallic Pd-Cu catalyst was developed and employed on selective
hydroboration of unsymmetrical internal alkynes in water. Good-to-excellent yields and
high selectivity to β-hydroboration products were obtained in all substrates.
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